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1. INTRODUCTION 
1.1. Background 
The research documented here explores a practical, systematic domain-independent development 
method for an integrated engineering design tool (lEDT). Despite the current lack of a universally established 
engineering design methodology, enough similarities exist among the various proposed methods [1.4-10] to 
suggest that a suitable approach can be developed. As design research continues and a general design 
methodology is delineated the approach can be further refined. This research proposes the utilization of 
Cross' design process steps, which are shown to map to Bloom's taxonomy of cognition. Once the design 
process is shown to be a cognitive process, it becomes deliberate and systematic and sheds its ad hoc 
reputation. A systematic approach to lEDT development can be quite powerfiil since the governing 
procedures describe the undeilying thought processes and reduce complex details into consistent, useful 
knowledge and tools. A generalized engineering design approach is employed as a fiameworic in which to 
study specific domains in preparation for an EEDT implementation, domain knowledge acquisition, and 
develop the lEDT. The benefit to utilizing engineering design strategies in the development of lEDT systems 
is that the engineering experts are familiar with engineering design models and can easily think in these 
terms. 
One of the primary goals of this research is to establish an approach to developing an lEDT that is 
feasible for real-world, industrial applications. This objective drove many of the decisions made during the 
researcL There are many critical issues modem industry must address including design failures and 
inadequacies that add cost or worse lead to loss of business. Further, competition dictates shorter 
development cycles, which in turn intensify the need to get the design right the first time. It is necessary for 
industry to develop lEDT systems if these issues are to be adequately addressed. 
1.2. Dissertation Outline 
Since this research proposes a systematic EEDT development method based on engineering design, it 
is first necessary to show that engineering design is a cognitive process. The next chapter will begin with a 
description of the six levels of cognition according to Bloom's taxonomy. This is followed by an update of 
the current status of engineering design research, descriptions of different design processes and a discussion 
of their similarities. Cross' procedure was selected for further investigation since it is common in mechanical 
engineering domains. The final step in the next chapter is to map Cross' procedure to Bloom's taxonomy to 
demonstrate the cognitive nature of engineering design. These concepts are summarized in a concise table 
that also introduces the reader to how these will be used to perform domain investigation, knowledge 
acquisition, and lEDT development This table is used as a lead in to the following discussion. 
The next three chapters discuss the details of applying an engineering design process to domain 
investigation, knowledge acquisition, and lEDT development Each step of the process is discussed in 
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general tenns to emphasize the domain-independent nature of the approach. The activities are related to 
cognitive tasks to fiirther illustrate how such an approach can make the development efforts systematic. In 
some cases the details rely on domain specific applications and thus the discussion is somewhat abbreviated. 
The concepts of these sections are illuminated through discussion of the application example discussed at the 
end of each chapter. Figures supporting the ^pUcation example are found in appendLx A. Details that 
support the knowledge acquisition process are found in appendix B. which describes alternative knowledge 
acquisition methods. 
The purpose of the remaining chapters and supporting information is to provide the reader with 
enough backgroimd to undertake a similar development project Chapter 6. 'Putting it AH Together', expands 
on the lEDT development for the preliminary design of the aircraft wing that was introduced in the laser part 
of its preceding chapter. Many of the specific details of the development are described. Supporting 
information is found in appendix C. where there are figures illustrating the lEDT contents and inter&ces. 
There were three areas that required a level of discussion that warranted separate chapters. These follow 
directly, in order 'Prediction Models'. 'Firzzy Logic', and 'Sensitivity Analysis'. The EDT developed for 
wing weight prediction relies on the incorporation of prediction models. One of the models included in the 
lEDT was developed as part of this research to demonstrate how a prediction model can be created firom a 
training set based on historical data, stochastic parameter values, and Monte Cario simulation. Other 
industry-developed prediction models are also discussed. The next chapter, 'Fuzzv' Logic' descnbes how 
experience and expert knowledge can be embedded into an EEDT by using fiizzy logic, and specifically 
Comb's Method. The details of implementing knowledge and experience in this manner require 
understanding of fuzzy logic principles and also an appreciation of how humans approach complex problem 
solving. These details are presented along with a supporting example firom the wing lEDT development 
Supporting details and other examples fiom the wing application are given in appendix D. Sensitivity 
analysis capabilities are discussed in detail in the next chapter. 
The final chapter, entitied 'Evaluation and Recommendations', discusses bow the lEDT meets its 
stated objectives and maps its features to the cognitive levels of Bloom's taxonomy. A list of 
recommendations for fiiture development woik as well as a list of general research topics to expand the 
current research scope follows this. 
1.3. The Need for a Domain-Independent, Systematic Approach 
The lEDT incorporates design knowledge at several levels and thus may be loosely descnbed as a 
knowledge-based system. Due to its extended computational capabilities, the tool itself goes beyond 
traditional knowledge-based systems. However, it could become susceptible to some of the same 
development problems as have been reported for other knowledge-based system development efforts. There 
have been many knowledge-based systems developed for various engineering design applications [II]. When 
one examines the reports and dociunentation it becomes obvious that the efforts have been focused on 
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specific domains and utilization of domain dependent knowledge and procedures. One will find q^itaments in 
almost all of the literature related to knowledge-based tool development that claim it is not possible to 
generalize the ^proach due to the uniqueness of individual domains. This implies that there is no 
opportunity for gains in the learning curve and the ^proach must be reinvented each time. Thus, there is no 
economy of experience and each instance requires starting from scratch. One can easily find examples of 
projects that were over-budget behind schedule, and ultimately ^ed to live up to expectations. In light of 
these, one could argue that ultimately such ad hoc processes are doomed to fail in all but the simplest of 
applications. 
Arguments are made throughout the literature to the eSect that these types of systems must be built for 
specific design domains since decisions are unique to different domains. However, since engineering design 
has common elements across domains, it follows that it should be possible to develop a general, systematic 
approach based on established engineering design processes. Thus, procedures and tools can be developed 
that can be used across engineering domains and the entire process can be refined rather than reinvented for 
each new applicatioiL While a complete EEDT design methodology may not be at hand, this research will 
show that a suitable design method, based on engineering design procedures provides a sound basis for 
development of lEDT systems 
1.4. The Need for Integrated Engineering Design Tools 
There are tasks for which computers are better suited. Computers can store, modify, and access vast 
amounts of information quickly and acciuately. Various people can utilize them at any time of any day. 
Computers are deliberate, precise, and not exhaustible. Thus, computers can be valuable tools if they are 
utilized with their limitations in mind. It is unlikely that computers will ever replace human beings in some 
areas. Humans possess intuitive intelligence that can not be duplicated with any present technology. An 
lEDT should not be expected to perform like human experts nor should one try to simulate the thinking of a 
human expert Instead, these tools should be developed to assist those who function at less than an expert 
level. The system should be designed so that the user retains the creative and challenging aspects of the 
project while utilizing the knowledge system to support his efforts. The primary objective of the system is to 
serve as a tool to humans so that human designers can obtain better results and design better products; it is 
not meant to imitate the process of design as performed by himians. 
In most organizations there exist pockets of knowledge where important knowledge resides with only 
a few persons. There are also knowledge bottlenecks that may impede progress because the necessary 
knowledge is not widely distributed. It is imperative for industry to understand, c^ture, and encapsulate 
what is known about its designs and design processes. If such knowledge is not systematically organized and 
available each generation of engineers will need to gain the same experience all over again. 
In light of the number of decisions a designer must make to realize a solution and the information that 
is required to make these decisions on an informed and intelligent basis, it would be difScult to argue against 
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tools that can make the pnxess more efficient and effective. An BEDT can put a huge amount of information 
at the designer's fingertips. If the system is carefully designed, it should enhance the creative process by 
saving time required for the designer to search for data, design alternatives, previous experiences, relevant 
technologies, cost data, performance data, and other necessary design details. 
The need for an lEDT was initiaUy conceived while conducting an investigation into the needs of an 
avionics manu&cturer. It became evident that one of the biggest challenges in this industry was access and 
effective utilization of their knowledge and experience. 
This industry also was confronted by demanding development cycles that mandated rapid design 
realization schedules. Thus, there was an identified need to deliver acceptable preliminary designs quickly so 
that there would still be time for proper detailed design and design optimization. Engineers recognized that it 
was necessary for them to have efficient and reliable design and analysis tools readily available to 
accomplish this goal. When the challenge of knowledge encapsulation was coupled with ever-shrinking 
design cycles, it became clear that the need expanded beyond a knowledge-based system to an integrated 
engineering design tool that incorporates the knowledge with the engineering design and analysis tools. 
1.5. Long-term Issues for an Integrated Engineering Design Tool 
At the speed with which technology changes, it is mandatory to consider the long-term issues related 
to the implementation of an integrated engineering design tool. 
1. Design rules and heuristics can change and evolve over time as technology changes. Some method of 
maintenance must be developed so that the tool is not outdated. 
2. Models may predict erroneous results if new designs are beyond the range of the data upon which it 
was builL There must be a means to flag this situation and modify the model when necessary. Built-in 
error detection methods are essential. 
1.6. ThelEDT 
While the objectives for an integrated engineering design tool will be left for discussion in later 
chapters, a brief summary is provided here. An effective lEDT should provide an engineer with all of the 
knowledge and access to all of the tools necessary to accomplish a feasible design at the appropriate level of 
detail. The lEDT should house the experience and knowledge of design domain experts so novice designers 
can access and utilize the expertise efficiently when and if it is needed. The knowledge may guide the user to 
parameter selection or provide assessment of results. 
Appropriate lEDT design will mandate that users have the flexibility to utilize the features of the tool 
that are needed without accessing unnecessary features. The lEDT should be flexible so that it can 
incorporate different models and computational tools. Provisions should be made so that it can interface with 
existing software and databases. Usability will demand that the tool be easy to learn and easy to use. 
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The ultimate goal of the lEDT will depend on the application domain. It m^ be imended as a tool to 
enhance the quahty of the design process or decrease the design cycle time. The lEDT may also result in a 
competitive advantage. It may be intended to provide a common repository for domain knowledge that is 
available to all designers. In any case the lEDT should be easy to customize, edit and expand so that it can 
remain relevant and be easily maintained. 
1.7. The Application Domain 
This research needed an appropriate application domain in which illustrates the processes and 
methods. The aircraft design problem was selected due to readily available experts and expertise. This is a 
very complex design domain that relies on extensive engineering experience, knowledge, models, and 
computational tools. There are many design issues and considerations that must be addressed during the 
design process. These faaors combine to make this an ideal engineering design domain on which to 
demonstrate the proposed process. The inirial domain survey resulted in the identification of a suitably 
scoped design problem; the design of the aircraft wing. Next the design objective was established. In aircraft 
wing design the goal is to minimiyp weight Finally, the class of commercial jet aircraft wings was 
established as the portion of the design domain on which to concentrate. The strategies developed for domain 
investigation, knowledge acquisition, and EEDT design and implementation are applied to the preliminaiy 
design of jet transport aircraft wings for illustration purposes. 
The development efforts concentrated on the preliminary phase of design. The primary purpose of 
establishing an integrated engineering design tool for the preliminary phase of design is to increase the 
probability that a credible preliminary design will result that is of known design flaws and will not 
require significant design changes later in the detailed phase of design. Since most design is adaptive in 
nature, there is typically a vast amount of design knowledge available that can be applied to new designs. 
Unfortunately, without some method of utilizing past exjserience. many times engineers will be unaware that 
the knowledge exists. Often those involved in early design stages are the least experienced engineers. 
Without assistance, the risk that mistakes of the past will be repeated again and again is serious. Decisions 
made early in the design affect all subsequent results. Studies have shown that it is far easier and less costly 
to fix design flaws or strengthen design weaknesses early in the design process. Fine-tuning later in the 
design process may have only minimal effects on the design outcome and usually it is di£5cult to correa bad 
decisions made during preliminary design. Thus, it is important to be thorough during preliminary design 
since the greatest opportunity to reduce cost is early in the design. Studies have shown that up to 83% of the 
product cost is committed by the end of the preliminary stage of design [1]. Therefore, it is desirable to 
discard bad design proposals quickly to enable engineers to create other design and explore other 
possibilities. There are other benefits to utilizing lEDT systems early in the design process. Development 
cycles are continuing to shrink, eating away at the time available to produce acceptable designs. As a result 
many of the design steps are not given adequate attention, or worse, are skipped altogether. Providing 
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engineers with a tool that expedites preliminary design will help them to buy some extra time to perform 
design analysis and optimization. These activities are often omitted when time is short, even though it is 
generally recognized that the cost of perfonning these steps if far less than the cost of not doing them. In 
some cases there is not enough information available at early in the design process, but some credible 
prototype is required for initial proposals or feasibility investigations. In addition, having the abihty to 
produce credible designs early in the design process will provide managers with the oppoitunit\' to make 
better decisions about proceeding with the desiga tf the decision is to proceed, it will be possible to produce 
more accurate design proposals if a credible preliminary design is in-hand. Finally, engineering design 
involves more than technical design. Often, credible designs are determined based on many non-technical 
criteria including safety', ergonomics, and cost. These design aspects can also be introduced into a 
knowledge-based preliminary design tool along with technical fiictors like production and manufacturing, 
quahty, maintenance, or reliability. 
1.8. Research Objectives 
I. Develop a practical, domain-independent method for the development of a computer-based 
integrated engineering design tool based on engineering design procedures and iitilmng appropriate 
computer technologies. 
A. The method should be as simple as possible and easily understood. 
B. The method should be implemented progressively. The vast amount of information available 
often seems insurmountable. Developing a system that incrementally builds on itself will 
minimize the chances that the knowledge engineer, experts, and system users will be 
overwhelmed. 
C. The method must focus on the following goals; 
1. acquiring, representing, and verifying domain knowledge 
2. selecting appropriate analysis and design tools 
3. identifying design procedures 
4. determining what knowledge is critical to design 
5. determining the best way to organize and represent the knowledge 
6. using appropriate design and analysis tools and procedures 
7. comprehensive evaluation must be done during and after incorporation of knowledge and 
tools into the lEDT 
D. The method must incorporate flexibility and the ability to expand. As design requirements 
change, the tools that support the design process must also change. If a knowledge system tool 
is designed without built-in flexibility, chances are it will be outdated before development is 
even finished. 
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n. Establish systematic procedures and strategies necessary to develop an EEDT for engineering design 
applications. 
A. Establish a development method based on engineering design processes that is deliberate, 
systematic, and based on cognitive activities. 
B. Demonstrate the proposed method on an application domain. 
C. Survey available computer software and implementation processes 
D. Utilize appropriate software and implement appropriate technologies for the example 
application domain 
m. Develop an integrated engineering design. 
A. Develop a prototype for application domain (transport aircraft wing design) to serve as a model. 
B. Evaluate the prototype according to its stated objectives 
1.9. Assumptions 
• There are assumptions fimdamental to this research that must be recognized. 
• Most design is evolutionary in nature and thus design experience improves the designer's 
ability to perform design. 
• lEDT development is not an inherently domain dependent endeavor. There are enough 
common features and similarities among domains to establish a systematic approach that can 
be used across domain. 
• Design rules and heuristics can be identified and articulated by design experts. It is ftulher 
possible to encapsulate this knowledge in a form that is usable to novice users. 
• It is possible to develop prediction or analytical models. 
• It is possible to test or analyze designs at nominal values if sufficient design characteristics are 
not available. 
• It is possible to model designs based on experimental restdts and then randomly modify the 
model parameters to obtain actual model behavior across entire parameter ranges. 
• It is possible to utilize detailed results to enhance the preliminary design process. 
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2. BLOOM'S TAXONOMY AND ENGINEERING DESIGN 
2.1. Background 
As discussed in the first chapter, a domain-independent approach to the development of an integrated 
design tool is essential Establishing such an approach is a challenging task that can be met if one looks past 
the individual characteristics of different domains and concentrates on the features common to every design 
domain. When one departs fit)m the paradigm of examining every domain separately it is possible to begin to 
see how to build a ^stematic approach by capitalizing on one prominent common feature; all of these 
domains base their design on some form of an engineering design process. Once this is realized, it is possible 
to generalize even further if time is taken to examine the engineering design process carefully. Such an 
examination has uncovered a strong parallel with Bloom's Taxonomy of the cognitive domain. Though 
Bloom's Taxonomy was originally developed to classify the complexity of human thought with respect to 
educational objectives, it is not unreasonable to apply the taxonomy to the engineering design endeavor. In 
&ct. Bloom's Taxonomy applied to engineering design can be a valuable aid to less experienced engineering 
designers as they proceed through the design process where higher-order thought processes become 
increasingly necessary. 
When one utilizes the engineering design process and examines the levels of cognitive ability as 
described by Benjamin Bloom [2-3], a systematic development strategy quickly emerges. One can use these 
paradigms to study and acquire knowledge in specific domains, organize knowledge and experience related 
to specific domains, identify what type of knowledge a designer needs and when it is needed during the 
design process, and develop an integrated design tool to incorporate the knowledge in a convenient manner 
This chapter summarizes some background information relating to Bloom's taxonomy. It then 
describes engineering design in more detail and relates it to Bloom's taxonomy. 
2.2. Bloom's Taxonomy of Cognitive Ability 
In the 1950s Benjamin Bloom developed a classification scheme for cognitive ability that is known as 
Bloom's taxonomy. His simple classification delineates six levels of complexity of human thought as shown 
in Fig. 2.1. 
The least complex level encompasses knowledge, which is simply the ability to recall information. 
&cts. or theories. There is no implication that the individual understands what is recalled. The next level 
involves comprehension. This implies that the individual has the ability understand the material, but is unable 
to relate knowledge to other ideas or to the overall design. Thus, comprehension is the lowest level of 
understanding. At the comprehension level the individual is able to perform such tasks as choosing proper 
theories, equations or tools, but is not ready to successfidly employ them. The third level is the ^plication 
stage. At this level an individual can apply knowledge, rules, concepts, methods, and theories to new 
situations and has the ability to generalize the knowledge. Individuals are capable of putting simple equations 
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and tools to work. Analysis is the fourth level of the taxonomy and requires that the individual be able to 
decompose a problem or information into its parts, determine the relationships between the parts and their 
relationship to the whole. At this level the person is able to identify both content and structure. Also at this 
stage the individual is able to perform complicated computational processes and employ complex tools. Each 
of these first four levels: knowledge, comprehension, application, and analysis requires convergent thought 
processes. The individual is concerned primarily with the external world, gathering knowledge and 
understanding and applying it to problems. 
The fifth level requires the individual to be able to create new ideas, structures, or patterns. This step 
relies on the successfiil progression from the lower level skills and requires divergent thinking. The result of 
this is the creation of something new that did not previously exist. The sixth level is the evaluation stage in 
which the individual judges the value of information, ideas, methods, processes with respect to specified 
criteria. These two higher levels of Bloom's taxonomy require the individual to focus on one's internal world 
to put together thoughts and ideas in a new way. 
A 
Divergent Thought 
Convergent Thought 
V 
Evaluation 
Synthesis 
Analysis 
Application 
Comprehension 
Knowledge 
Figure 2.1 Levels of Bloom's taxonomy 
Figure 2.1 indicates that the relative complexity of each of the levels increases as one moves from the 
knowledge level to the evaluation level. Each of these levels builds on the previous. An individual with no 
experience in a particular subject can not expect to jump in at a high level. Cognitive tasks must start at the 
lowest level and work from there. It is not possible to move from knowledge to comprehension until one has 
a grasp of the former. The transidon between levels of cognition is not abrupt, but rather gradual. A person 
does not consciously move from one level to the other. It is more of a natural process that occurs as the 
individual becomes prepared to assume more complex thought. 
Paradoxically, cognition also requires that an individual be able to move between levels in an iterative 
manner depending on the situation. This implies that once an individual reaches a higher level, their abilities 
and skills may require them to retreat to a lower level to more fully develop their skills there or simply to fill 
in pieces that are required for higher level activities. For example, one may find during the application stage 
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that more knowledge is needed and therefore must spend more time back at that lower level of Bloom's 
taxonomy. 
13. Engineering Design 
During the past thirty years many have argued that engineering design is inherently a creative, ad hoc 
process thatran not be formulated on a scientific basis [1.4-10]. There are convincing arguments that this 
assertion is not true [4]. Engineering design is a cognitive process, utilizing extensive knowledge, rational 
thought, and scientific and technical information, as opposed to an art or a skill. Those who compare 
engineering design to art must reconsider the implications of this analogy. The fundamental purpose of 
engineering design is to meet a fimctional need; aesthetic characteristics are at most secondary details. Some 
will argue that the activities are similar in that at some level the activity is intellectually unexplainable. The 
difference between the two activities is the point where this occurs and the reason for it Engineering design 
lacks intellectual explanation at points where the required knowledge is not yet classified and generalized. 
This is much different than claiming that the activities are inherently undiscoverable. In addition, the artist 
has many more degrees of fireedom available to achieve a design then does the engineer who is restricted by 
numerous design constraints. Finally, the criteria by which a good engineering design is established are much 
less subjective than those used to critique art Dixon states an interesting point that despite the subjectivity of 
art, the vocabulary used to critique it is &r better established than that used to evaluate engineering design. 
However, there are good designs and unacceptable engineering designs so features must exist that distinguish 
between the two. 
It is also misleading to describe engineering design as a skill since the popular definition of a skill 
includes dexterity and coordination. Clearly, under this definition, the analogy breaks down. The only way in 
which this comparison is proper is that most designers get better as they gain experience. Experience in and 
of itself will do nothing for designers unless it is possible for them to ieam from it Novice designers retain 
case knowledge. Good designers are able to express case knowledge in more general terms. Therefore, 
improvement relative to design is attributable to increased knowledge and the ability to generalize that 
knowledge. Thus, the description of design activities as skills obscures the intellectual nature of design. In 
summary, a lack of successful models for dealing with the creative process on a systematic and scientific 
basis does not imply that engineering design can not be treated as legitimate scientific discourse. 
Additionally it is appropriate to examine scientific methods in comparison to design methods. Like 
designers, scientists create hypotheses and theories to guide their search for &cts and information. The major 
difference between design methods and scientific methods rests in the &ct that it is essential that scientific 
results be repeatable, where there is not such demand on design results. There is documentation [5] that as 
eariy as 1980, there was an expressed feeling that it is time to discontinue making comparisons between 
design and science and recognize that design is what makes science visible in the world. 
11 
One can also compare the thought processes of engineering designers and scientists. Design has often 
been described as ill-defined problem solving where the solution and the problem are developed in parallel 
Thus, designers must adopt a solution focus, employing a strategy where several possible solutions are 
explored until a good one is identified, a process which can be labeled as synthesis. Conversely, scientists 
systematically explore a problem to find the underlying rules, which enable the generation of correct 
solutions. This process is descnbed as analysis and is problem focused. 
2.3.1. Phases of engineering design 
Figure 2.2 shows the main phases of engineering design. Once the problem has been identified and 
initially defined, the process commences with a conceptual design phase. Ehiring this phase the initial 
specifications are established and the objective of the final design is established. A designer begins with an 
enormous number of design alteniatives that may consist of many alternative configurations each with many 
parameter choices. The preliminary design phase includes development of design objectives and 
requirements together with design fimction analysis. This phase seeks a suitable starting place from which 
the detailed design will evolve. Thus, the feasible design space is determined and a credible preliminary is 
established. It is this phase of the design process that the proposed lEDT addresses. 
Design 
Evaluation 
Design 
Evaluation 
Design 
Optimization 
Design 
Evaluation 
Figure 2.2. Phases of engineering design 
Detailed design, as the name implies, includes the selection of specific design details, components, 
and systems. Design optimization is often performed at the detailed stage of the engineering design process. 
The determination of the optimum design depends on maximizing (or minimizing) an objective function. The 
selection of an objective fimction is not always straightforward for several reasons. First, uncertainty can 
corrupt the selection of the best design. This first fector can be exacerbated by the fact that estimation of 
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uncertainty is often subjective and different designers may assign different levels of uncertainty to various 
parameters. Uncertainty also enters the picture with respect to the final outcome. Thus, designs closer to the 
boundaries of the design space may be difficult to classify as acceptable or unacceptable. Second, there is 
often an unclear definition of the values by which the outcomes can be compared. Third, most designs are 
complex enough to require more than one designer and often these designers will bring specific areas of 
expertise to the design. 
In many design situations, engineers do not explicitly define an objective function when searching for 
an optimum design. Many reasons, including those listed in the previous paragraph account for this. Often, 
time is limited by this stage of the design process due to the short development cycles in the modem 
marketplace. Hence, incomplete product designs are pushed through to final design and problems are fixed 
after-the-fact. Additionally, many practicing engineers are not aware of rigorous, rational optimization 
procedures and rely on experience in selecting a preferred design. Therefore, a means to perform 
optimization based on designers' experience is a valid and practical research pursuit but beyond the scope of 
the current research. 
Good design practice includes evaluation as the design evolves, as indicated in Fig. 2.2. Evaluation 
should be based on analysis and measurable comparison with the stated design requirements and objectives. 
If each of the design phases shown in Fig. 2.2 is competently and comprehensively executed, the final design 
should be just that. When any of the phases is overlooked or incomplete, the probability of introducing non-
optimal designs to the market is high and the risk of needing to step back through the design process to 
correct the problems are high. Improper values can lead to significant design degradation. Additionally, less 
than optimal designs can open the door to competition or loss of potential returns from the product. In the 
end all design choices must be made with respect to properly accounting for risk and uncertainty. 
23,2. Engineeriiig design process 
Engineering design research is emerging as a legitimate research endeavor. There is still a great deal 
of research required before the fundamental principles and design taxonomy are established. Although, much 
of the work is still in its infancy, some basic foundations have been laid. It is from this research, that one can 
develop a systematic approach to design of any artifact or system. First, one needs to recognize that there are 
several theories and various authors have proposed different design methods [6-10]. Each of these proposed 
design methods provides a rational, systematic approach to the design process. There are two common 
features associated with design methods. First, design methods formalize design procedures in effort to avoid 
the oversights and errors that can occur when informal methods are used. Second, design methods require 
that the designer's thoughts be expressed explicitly. This is extremely beneficial when design teams are used 
or in complex design environments. 
Figure 2.3 shows three proposed design methods together with some general principles based on inter­
disciplinary ftmdamentals. The left-most column shows the process suggested by Cross [6], the second 
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column represents a process proposed by Suh [7], and the thiid coluinm shows the process suggested by 
Rodenacker [8], One can see by examining the relative positions of the process steps in each column that the 
processes are similar in scope. Although this figure may imply a serial process, these processes are. in reality, 
iterative. Designers often return to previous steps as knowledge is gained in later steps. The right-most 
column list conditions that must be satisfied by any systematic ^proach [6]. These are drawn fivm various 
disciplines including management science, psychology, and philosophy. 
Define Objectives 
Define Requirements 
Function Analysis 
Problem 
Definition 
Clarify Task 
Establish Function 
Stnicture 
Ensure Requisite 
Motivation/Define 
Objectives 
Ensure wide 
solution search 
space 
Clarify Boundary 
Conditions 
Establish Design 
Alternatives 
Evaluate Design 
Alternatives 
Design 
Synthesis 
Design 
Analysis 
Check Design 
Detennine Physical 
Embodiment or 
Process 
Look for Variants 
Make Decisions 
Design 
Improvements 
Eliminate 
Disturbing Factors 
Cross Suh Rodenacker General Principles 
Figure 2.3. Proposed engineering design processes 
Cross [1] has suggested that difierent design process strategies have evolved fi^m different cognitive 
styles. Thus, some are serial while others are parallel, iterative processes. Some design processes are 
convergent while others are divergent in nature. At this eariy point in the research, no one process can be 
identified as the best approach in all design situations. However, one has the opportunity to explore the 
various processes, looking for features and common ground that may be employed in a new design situation. 
All design problems have common features: there is always a design goal, there are always design 
constraints that provide guidelines under which the design goal may be achieved, and there are criteria that 
help engineers recognize when a design solution is successful. These common elements form a basis for 
developing a imified theory for the engineering design synthesis process. 
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As mentioned in the previous section, no one best design process has been established, or is it likely 
that one will be identified in the near fuuire. Before this can happen a great deal of research must be done to 
establish correct fundamentals. Until this time, engineers must examine the proposed design processes and 
select those that match their personal practices or fit the design situations most closely. This is essentially 
what has been done in this research. The selected procedure corresponds to Cross' proposal with some 
adaptations and modifications. 
233. Cross' design process 
The first task for an engineer, once a design problem has been identified, is to develop a list of design 
objectives that define goals for the design. The initial list is generally based on an initial product or process 
specification. Although this list may be altered or expanded as more is learned about the design in subsequent 
steps of the design process, the initial list will remain fairly consistent in the early phases of the design. 
Clearly stated objectives make it easier to arrive at incremental decisions as the design process continues. 
The next design step is the determination of design requirements, conditions that are essential to the 
design, that place precise limits on the range of solutions. Engineering design is always constrained within 
some performance or physical boundaries. Careful attention needs to be paid to setting requirements because 
they put boundaries on the design space in which the designers may search for a feasible solution. Narrowly 
defined requirements may eliminate feasible designs from consideration, while broadly defined requirements 
result in a search space that is too large to manage in a timely fashion. 
Function analysis can be utilized to examine the design itself, or can be employed to analyze the 
design process. Both activities are extremely important to the development of an integrated engineering 
design tool. The first task provides the opportunity to examine the design at different levels of abstraction. 
The process begins by establishing the overall fimction of the design and proceeds to decompose the design 
to determine sub-fimctions. During the process the product is dissected into component parts. The engineer 
looks for relationships between the parts as well as their relationship to the whole. The second task provides 
the opportunity to study the design process, used by a design engineer, in a similar manner. The designer's 
activities are broken down and examined. The objective of this activity is to determine what information and 
tools a designer needs and at what stage in the design process the information and tools are needed. Thus, 
relationships among tasks and to the overall process are established. Function analysis of the design process 
provides a fi^mework for the integrated engineering design tool development. 
Once the designer has studied the design objectives, requirements, and fimction, the next step is to 
develop design alternatives. Essentially, this is defining instances in the design space. The designer must 
determine the feasibility of the design alternatives, which is typically done by evaluating designs against 
established criteria. The design criteria evolve from the design objectives and requirements established 
earlier in the design process. 
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£>epencling on the results of the first design cycle, subsequent design iterations may be required. These 
iterations may require the designer to track back to any of the previous steps and revise the information in 
those steps appropriately and work forward through additional cycles until a feasible design is established. 
Once a feasible design is found, the designer will move on to a design optimization cycle where the 
details of the design are carefully examined. At this phase certain design improvements may be made to 
reduce product cost or add value for the end customer. 
2.4. Combining Bloom's Taxonomy and Engineering Design 
Figure 2.4 illustrates the levels of cognitive ability as described by Bloom as well as the step in the 
engineering design process as described by Nigel Cross [6]. The figure also indicates how these two 
paradigms parallel each other, which is not surprising when one recognizes the cognitive nature of the 
engineering design process. 
Analysis 
Applicaaoa ''f''' . _ 
'Comprehensioo 
Kno\tiedge ^ 
Desigir Aiteoiilives 
FuncMK Aoalysis 
: EJefine Obj&uves 
Desien Imorovements 
Figure 2.4. Bloom's taxonomy and the engineering design process 
Figure 2.4 illustrates the inherent cyclic process of both cognitive ability and engineering design via 
the ellipses. As one progresses to higher cognitive levels, the lower levels are encompassed. The same is true 
as one progresses through the engineering design process. It is possible in either case that it will become 
necessary to return to a previous level (step) and refine the process as more is learned or discovered. 
16 
The first step in a systematic design prcx;ess is the definition of design objectives. This begins by 
recalling the design specification. In the specification the design engineer will find most of the design 
objectives explicitly or implicitly stated. It is the distinction between explicit and implicit speci^cation that 
determines what level of cognitive ability is required. Explicit objective specification requires merely that the 
designers recognize the objectives and thus operate only at the knowledge level. Identification of implicit 
objectives requires higher order thinking including the ability to understand the objectives as stated and 
extend the list based on generalized principles. These activities are classified by Bloom as comprehension 
and application. 
In the same manner, the determination of design requirements requires cognitive abilities ranging 
from the knowledge level to the application level. The design specification may include some of the design 
requirements. These requirements necessitate only recall and thus only knowledge level. Some of the design 
requirements will follow directly from the design objectives and thus are classified as comprehension 
activities since they require only restating the objectives. Other requirements will require the engineer to 
apply rules, concepts, and theories to the new design problem. 
Although these first two design activities should be predominantly conducted at the beginning of the 
design process, the lists may need to be refined as more is learned about the design process later in the design 
cycle. Thus, the designer not only needs to operate within the first three cognitive levels, but may need to 
return to them later. 
Function analysis, as discussed previously, is critical to the development of an integrated engineering 
design tool. When one examines the description of the analysis level of Bloom's Taxonomy one quickly 
realizes that these are the skills and activities encompassed in the function analysis step of the engineering 
design process. Engineers decompose the problem into smaller parts, closely examine those sub-parts, 
determine the reladonships of the sub-parts to the overall design as well as to each other, and perform 
calculations to ascertain the characterisucs of the design and its parts. 
Synthesis is the heart of the engineering design process. It is the task of creating something that will 
satisfy the design objectives. The engineer will create many design alternatives within a design space in the 
systematic design process outlined by Cross. Some of the alternatives will prove feasible, while others will 
not. 
During preliminary design the objective is to discover a feasible design solution. The determination of 
a feasible design will require proceeding to the top level on Bloom's Taxonomy, the evaluation stage. At this 
level the engineer must have completed the first four steps of the design process and must have traversed 
through the first five levels of Bloom's Taxonomy. During the evaluation process the engineer will evaluate 
the results of the design alternatives step (synthesis) against criteria and constraints (design requirements and 
objectives). Often the engineer will rely on judgment based on experience to asses the acceptability of the 
proposed design. Depending on the outcome of the evaluation process the design engineer may need to return 
to a previous design step and thus a lower cognitive level to refine the design fiirther so that it meets the 
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feasibility criteria or constraints. If the proposed design is feasible the engineer may decide to add design 
improvements, as shown in Fig. 2.4. Design improvements may require that the designer cycle back through 
the design steps from some appropriate point and likewise return to different levels on Bloom's taxonomy of 
cognitive ability. 
2,5. Sununary 
The first three columns of Table 2.1 suimnarize the previous discussion in this chapter where Bloom's 
taxonomy was integrated with the engineering design process. The first column provides the tasks that fall 
within the various levels of cognition and the steps of the engineering design process. The final three 
columns relate these topics to the study of domain-specific designs and processes, the knowledge acquisition 
process, and the development of an integrated engineering design tool. Each of these applications will be 
discussed in detail in the next three chapters. 
Table 2.1. Summary of Cognitive tasks, Bloom's taxonomy, and engineering design 
applied to domain investigation, knowledge acquisition, and lEDT 
Process/Activity Bloom's Taxonomy Engineering Design Knowledge Acquisition Domain Investigation Integrated Engineering Design Tool 
Deflne, list, recall, state. 
Recognize, identify, 
gather 
Knowledge 
deflne design objectives 
determine design 
requirements 
recognize required 
information 
Define vocabulary, list domain 
products/designs, identify 
experts, resources 
Present graphics/plots, data, table 
look-up information, design 
speciflcation information, show 
units, use domain symbols, terms 
Determine, describe, 
identify, indicate, select, 
classify, explain 
Comprehension determine knowledge 
acquisition strategies 
Describe domain environment, 
identify tools & design 
parameters, classify knowledge, 
determine design process 
Utilize knosvledge to help user select 
reasonable input values, provide 
explanatory comments to help user 
understand design aids 
Choose, employ, solve 
interpret Application 
locate knowledge sources 
and access information 
from sources 
Choose domain sector, choose 
appropriate designs, soHwarc & 
tools, and modeling methods 
Utilize historical trends & statistics, 
perform simple calculations, choose 
software & tools 
function analysis 
/Uialyze, calculate, 
categorize, 
compare/contrast, 
differentiate, distinguish, 
examine, 
decompose 
analysis 
examine information, 
breok it down and organize 
it with respect to the needs 
of the systen) 
compare information for 
consistency 
Examine design process, 
categorize domain artifacts, 
decompose designs into product 
breakdowns 
Utilize neural networks, statistical 
networks, finite element models for 
prediction models, /Vnalyze 
parameter sensitivity 
Arrange, assemble, 
construct, create, 
develop, formulate, 
organize, prepare, 
propose, design 
synthesis design alternatives 
restmcture information 
into format appropriate for 
the design tool 
integrate knowledge from 
different sources 
Constnict engineering models, 
Develop & organize knowledge, 
I'ormulate or assemble design 
alternative 
Use knowledge, historical trends, 
models, sensitivity resuhs, 
optimization to 
propose new design conflgurations 
appraise, assess, 
estimate, judge, predict, 
rate, select, evaluate, 
state options 
evaluation 
evaluate alternatives 
design improvements 
evaluate information for 
usefljiness, ease of access 
Judge appropriateness 
determine completeness 
Assess appropriateness of design 
process/tools/niodels 
l^ok at parameter sensitivity 
Examine trade-offs, historical 
data 
Compare to historical trends, criteria, 
constraints. Provide historical 
assessments of design results, special 
considerations. Select a design 
configuration, Provide summary 
19 
3. USING THE ENGINEERING DESIGN PROCESS TO STUDY A NEW DOMAIN 
3.1. Background 
This chapter will discuss utilization of the engineering design process in a s>'stematic study of an 
engineering design domain of interest Much has been said about Bloom's taxonomy and the design process 
in the proceeding chapter entitled. 'Bloom's Taxonomy and the Engineering Design Process'. It is now 
appropriate to examine how to utilize these concepts when studying a new domain in preparation for 
development of an integrated engineering design tool. Utilizing the engineering design process, while bearing 
in mind the Levels of cognition defined by Bloom's taxonomy, provides a systematic approach to smdying a 
candidate design domain prior to developing an integrated engineering design tool for that domain. An added 
benefit is that engineering experts are familiar with the engineering design process and adjust easily to the 
development process required for an integrated engineering design tool (lEDT) for their design domain. 
3.2. Looidng at the Process in Terms of Bloom's Taxonomy 
The first step in the development of an lEDT is to explore the ranrfirtatp domairL During this period 
the goals and results may be uncertain as its function is exploratory in nature. This time can be used 
effectively to gain global information and an understanding of the extent of the domain. Due to the 
uncertainty of this activity, it would be unreasonable to attempt to acquire detailed data or information. As 
was discussed earlier, it is necessary to have a basic knowledge and understanding if one is to move on to 
hi^er-order tasks like analysis, synthesis, and evaluation that are all required in engineering design. The 
preliminary domain study should be extensive enough so that the developer has progressed to at least the 
application level of Bloom's taxonomy. An initial survey of the entire domain will provide a good 
opportunity to leam the domain vocabulary; list domain products or designs; recognize the main domain 
concepts and design characteristics; recognize who the experts are and what resources are available. These 
activities all correspond to the knowledge level. The developer must gain enough understanding 
(comprehension) so that it is possible to begin to classify domain knowledge and describe the design 
envirorunent At this point it is also necessary to choose an appropriate domain area to emphasize. The goal 
is to identify an area that is diverse enough so that a general method can be established, yet narrow enough so 
that the project is feasible. During early design tool development a manageable portion of the design problem 
should be selected that can be used to develop a woildng prototype. Keeping focused on a smaller problem 
minimizes the risk that the entire project will &il. If one attempts to incorporate too much of the problem 
eariy, the task becomes overwhelming. This step requires the developer to engage in application level tasks. 
Also included at this level is the requirement that the developer choose the appropriate designs, tools, and 
modeling methods. 
The domain area includes not only the type of design, but also the phase of the design where a 
potential tool would be of most benefit Figure 2.2 in the previous chapter showed the typical phases of 
20 
engmeering design. Cross' steps are repeated to some extent at each phase in an iterative process. Different 
design domains will define these phases in slightly different terms so the developer needs to be aware of how 
they are defined in the domain of interest Once the initial domain survey is complete the design tool 
developer, working closely with domain experts, should complete a thorough investigation of the selected 
domain area by completing the steps constimting the engineering design process. 
Once a good foundation of understanding has been laid, the developer will be ready to investigate 
more complicated domain areas related to the analysis, synthesis, and evaluation levels of Bloom's 
taxonomy. Beginning with the analysis level, the developer will need to closely examine the design process, 
which often requires the developer to work with domain experts to decompose the design process into steps 
and study these steps in detail. Likewise, the developer will need to woik with experts to categorize domain 
artifitcts and their elements and decompose the designs into their component parts. Product breakdown 
diagrams should be developed if they do not exist At the synthesis level the developer will need to develop, 
assimilate, and organize a lot of knowledge from various sources. It may also be necessary to work with 
experts to created engineering models necessary for the proposed tool. Depending on the proposed 
requirements for the tool, design alternatives m^ need to be formulated or assembled. Finally, the developer 
will move to the evaluation level where the following tasks will need to be performed; assessment of 
knowledge, tools, and models, looking at design sensitivities, historical trends, and trade-offs. There will be 
points where the developer and experts will need to revisit lower levels of knowledge and understanding to 
fill in information. As the domain investigation continues the following should be identified and described: 
phase of the design on which to concentrate, the goals and expectations of typical designs within the domain 
at that stage in the design process, the type of problems the system needs to address, the expectations for the 
solution, the knowledge, concepts, and tools used to achieve a solution, the lEDT users and their level of 
expertise, and the time and resources required to develop the lEDT. 
3.3. Application of the Engineering Design Process 
The lEDT developer must learn the details of the design domain and design process employed by the 
engineers in the domain under investigatioa The process will provide a glimpse of the ultimate structure for 
the lEDT and provide a format for the acquisition of design knowledge. At the same time the developer must 
discover the design details relevant to the designs themselves. Execution of these steps should be done with 
respect to the phase of engineering design and the domain area specified. 
3.3.1. Defining design objectives 
Defining the designer's objectives for a given domain will provide focus to the subsequent design 
tasks. This task enables easier development of the fimction diagrams and specification requirements. The 
prerequisite activities for this task include the identification of the applicable design domain area. It is 
important to discover the goals and objectives of the design fit)m the perspective of the designer. However, it 
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is often difficult for the experts to explicitly express design goals. Many times design objectives will need to 
be inferred from what an expert says or does and then presented back to the expert for confirmation. Thus, 
the developer must be capable of functioning at least at the comprehension level so that appropriate and 
necessary questions and issues can be raised. 
The objective tree method can be used to produce a hierarchical diagram of the design objectives. 
This activity should be done with one or more domain experts. The first step in developing an objective tree 
is to prepare a list of design objectives. The objectives should be brief statements at first. The next step is to 
expand the statements so that they are clear. During this step associated criteria for various objectives should 
be noted. Once the objectives are clear, order the list into higher-level and lower-level objectives. One 
approach that may make this process easier is to write the objectives on index cards so that they are easily 
sorted. The final step is to draw the diagram based on the sorted objectives. The diagram will show the 
hierarchical relationships and interconnections between the objectives. 
33J1. Requirements definition 
Setting requirements for designs within a domain area puts precise limits on the range of solutions 
available to designers. Setting requirements begins with the consideration of the different levels of generality 
a solution may have and the identification of level at which to operate. Levels may include product 
alternatives to product features in the case of product design. In the case of the design process the level will 
correspond to the phase of the design process at which to operate. 
Next the engineer, together with one or more domain experts, must identify required design attributes 
relevant to the phase of design under consideration. These are typically derived from the objectives set. 
Attributes should be independent of a specific design. However, it is possible to look at a class of designs to 
complete the list. Each attribute should be identified as either a desire or a necessity. Finally, the performance 
requirements can be expressed in a table where corresponding values or ranges of values are also included. 
Each attribute should be measured preferably in quantitative terms. 
333. Function analysis 
The developer should have a good understanding of the domain enviroiunent before attempting to 
perform ftinction analysis. This requires that the developer be able to perform at least at the cognitive level of 
Bloom's taxonomy (with respect to the domain environment) so that effective interaction with the domain 
experts during fimction analysis can occur. As the process of close examination of design domain details and 
the analysis of the design process continues the developer will proceed to higher levels of cognition. 
Activities at this stage in the investigation may include the decomposition of the design and the design 
process into a hierarchy of fimctions and elements, parameters and their relationships, identification of 
models, knowledge, and tools, as well as the collection of data relative to the design domain area of interest. 
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There are two types of function analysis utilized when studying a specific domain. First the actual 
design arti&cts are studied in-depth and then the actual design process is examined. The end result of this 
task is a picture of the knowledge requirements and when the knowledge is needed. Additionally an outline 
for the knowledge acquisition process and a firamewoik for the imegrated engineering design tool is created. 
The engineering expert is responsible to establish proper mathematical models, define data to be used, decide 
what algorithms or solution methods are appropriate, interpret the results and verify their correctness, and 
determine how to incorporate the results into the decision making process. 
3 .^3.1. Function analysis for product design 
Function analysis will provide the engineer with the opportunity to examine a design at different 
levels of abstraction and categorize the design attributes by decomposing the design itself This activity 
should also be done with the assistance of one or more experts. The first step is to express the overaU 
fimction for the design. The expert should concentrate on what is to be achieved by the design. The process 
begins with establishing the fundamental purpose of the design, then breaking that down into a set of 
necessary elements and sub-fimctions that may also require their own subdivisions and so on. Decomposing 
the fimctions into sub-fimctions depends on available types of components and the experience of the 
designer. All fimctions and sub-fimctions should be expressed with a noun and verb and all corresponding 
inputs and outputs should be noted. Auxiliary sub-fimctions that indirectly contnbute to the overall fimction 
may be required in some cases. Once fimctions and sub-fimctions are identified they need to be sorted into a 
diagram where interactions and relationships can be shown. Finally, the engineer needs to identify the 
appropriate components for each fimction and sub-fimction. During this process the facts, terminology, 
concepts, rules, theories, calculation methods, models, and relationships important to the design will surface. 
The developer and the domain experts should review the fimction diagrams to add this information where 
appropriate. Information may include design parameters. trade-of&. and relationships between parameters, 
relevam equations, applicable design knowledge and so on. As a result of design fimction analysis the 
developer should be able to distinguish design features, compare and contrast designs within a domain, and 
diSerendate between different designs. A specific example of fimction analysis will be provided in a later 
chapter where the example application is discussed. 
As part of fiinctional analysis a produa breakdown chart can be developed if one does not exist for 
the domain under investigation. The domain experts should be asked to provide categories and corresponding 
descriptions of the products or produa lines. The process of developing a product breakdown with a domain 
expert provides a glimpse at the expert's mental map of the design. This skeletal representation can be filled 
in and deepened as the development process proceeds and provides a good overview of the design domain 
and the arti&cts within that domain. 
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Function analysis of product design provides a blueprint to what information, icnowledge and tools are 
required to accomplish the design. At the end of this step the icnowledge requirements are icnown and one can 
begin to formulate a icnowledge acquisition plan. 
33 Function analysis for the design process 
Function analysis will provide the engineer with the opportimity to examine the designer's tasks at 
different levels of abstraction. This activity should also be done with the assistance of one or more experts at 
engineering design. The first step is to express the overall fimction of the designer and the associated inputs 
or outputs. The expert should concentrate on what the design expert must achieve as well as how the expert 
organizes knowledge pertaining to the design domain and uses mcxlels and tools to arrive at solutions. The 
design process can then be further decomposed so that the details surface. 
Analysis of the design process completes the knowledge requirement picture. Not only will this 
analysis fill in more of the information and knowledge details, but will also provide insight into where in the 
design process the engineer requires the knowledge or tools and how the knowledge or tools are used. Thus, 
the ultimate result of this step is an outline for the lEDT. This includes what input is required and the format 
that should be used, what tools must be incorporated and where, what knowledge must be provided and 
where, what results are required and in what format should they be provided. 
3JJ3. Examination of design decisions 
It is not difficult to realize that different designers will create different design solutions to the same 
design specifications. Each designer must make design decisions that will inevitably be based on the 
experience and accumulated knowledge. There are two types of design decisions that are considered along 
the path to a solution: technical decisions that govern the actual design and planning decisions that govern the 
design process. 
Technical decisions address acceptability issues which include: (1) if the design adheres to scientific 
and engineering principles, (2) if the design meets the values, axioms, rules, and customs, of sound design 
practice and design in the applicable domain(s), (3) if the design satisfies the specifications or requirements 
set forth in the design problem statement, (4) if the design can be fabricated, (3) if the design can be 
delivered at a reasonable cost in a reasonable time-frame, (6) if the design is compatible with previous 
decisions, and (7) if the design minimizes the failure risk. These issues are addressed by written, formal 
criteria specified in design requirements. Human decision makers are usually faced with integrating and 
negotiating among the various criteria. Most of the engineering design prcxess is concerned with technical 
decisions. 
Plaiming decisions, or process decisions as they are often called, answer questions pertaining to the 
order in which to proceed with the design. They will address feasibility and practicality issues. These 
decisions do not directly impact the technical aspect of the design. Their indirect affects are seen in their 
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control of the order in which technical questions are addressed. Planning decisions are identified primarily in 
the fimction analysis phase of the design process. 
33.4. Design and modeling alternatives 
Prior to this step the domain experts and developer should have identified a suitable class of problems 
within the domain area of interest Then the appropriate historical designs firom the domain need to be 
identified. These designs should represent a range of design options within a class of domain designs that 
will be used in the initial BEDT. These design examples can be used to prompt the experts for extensive 
design knowledge. 
There are some prerequisite activities the developer should complete before developing design 
models. The developer should work with the experts to identify design models that are already available and 
utilized for the class of designs within the domain area under investigation. These need to be examined to 
determine where there may be weaknesses or holes in the designer's ability to perform their tasks. The 
developer needs to establish that the models are complete and the degree to which they are reliable. This 
requires that the range for which the models are valid be explicitly defined. 
Along with these, the developer must work with the experts to develop a list of predictor and 
constraint variables in the given domain area together with assignments of appropriate ranges and 
distributions for the values of the parameters and constraints. Much of this work may have been 
accomplished during the objectives, requirements and functional analysis steps of the domain investigation, 
but may need to be formalized here. Thus, it may be necessary to return to previous levels of cognition before 
proceeding with the creation of design models. 
Parameters must be carefully selected. Only those that can be adequately defined and accessed should 
be included. These parameters must be considered with respect to their appropriateness for the design phase 
under consideration. If the proposed tool targets preliminary design, the engineer must discover which of the 
parameters and constraints relevant to the design class are pertinent to and known at the preliminary design 
phase. 
One means to identify the list of design parameters and constraints is to ask experts in the domain to 
chose the ten most important parameters or constraints at the preUminary stage of design and compare their 
responses. When utilizing this strategy it is important to include all disciplines involved in the design process 
so that multiple perspectives are accounted for. If enough experts from different disciplines are surveyed it is 
possible to statistically evaluate their responses to determine if there are statistically significant differences 
between the responses of different disciplines to warrant further consultation before the process continues. 
Sometimes it is also possible to perform an initial simulation where many more parameters and constraints 
are allowed to change and subsequently introduce the data to a modeling network, such as a neural network, 
to discover the parameters the network finds important. Utilizing both approaches is advisable when 
practical. 
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Complex systems depend oa many parameters and must satisfy many constraints. Experienced 
engineers can usually identify many design parameters and constraints relevant to a class of design problems 
and assign typical values to them. One popular method for assigning values to parameters and constraints has 
been to use the worse case values for each. This approach will often result in an overly conservative design 
solution which will often be more expensive and ^ically much less than optimal Intuitively, it is easy to 
see that not all parameters wiU always perform at their worse case operating point In fact, it is often difBcult 
to establish with certainty the true operating point of each paiameter. Many times engineers can assign a 
range of likely values and a statistical distribution of the value range. In these cases it is reasonable to employ 
a statistical approach like the Monte Carlo method or similar techniques to establish a training data set that is 
representative of the design space. 
Once the significant parameters are established and the corresponding value ranges are identified, 
appropriate models must be determined. Engineers employ many types of models and prediction methods 
during design. Models can be divided into two types, constraint models and prediction models. Constraint 
models demonstrate the relationship between two or more parameters. These types of models can be used for 
trend studies and trade-ofT analysis during the design process. Prediction models, also known as direct 
models, provide an estimate of a parameter value. Prediction models ^ically combine mathematical models 
with prediction procedures so that imknown parameters may be determined. 
Engineering models range fi'om e.xpert opinion to veiy complex numerical models. Expert opinion, 
based on experience, ^s under the category of knowledge and must be incorporated into the design solution 
process as such. Many design characteristics can be predicted based on closed-form theoretical equations. 
However, many designs approach levels of complexity that preclude the use of closed-form equations. In 
these cases alternative modeling approaches must be employed. Engineers can use analogies when solving 
some types of problems. An example of an analogy is using an electrical circuit to study fluid flow. 
Analogies can be very powerful models to study the behavior of a system that is difficult to study directly. 
The approach can be theoretical or more often experimental. Many times experimental models are developed 
and experiments are designed to obtain results that can be used to develop relationships between parameters. 
In many industries it is typical to produce the same or similar products over and again. In these cases 
data on historical designs can be gathered to create models on which to base future predictions. Fenton [11] 
suggests studying n plus two examples, where n corresponds to the number of design input parameters. 
Statistically, it is necessary to choose at least seven to ten historical examples to study to overcome masking 
due to natural variability. Data must be collected related to these products prior to model creatioiL 
When models based on historical designs are used for predictions, care must be taken to be certain 
that the new design situations are indeed similar to the designs upon which the model was built. Predictions 
of more innovative designs based on these models may result in erroneous results in the worse case. In the 
best case the designer must be willing to accept higher levels of inaccuracy than would be otherwise 
expected. 
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Statistics can be used to create models based on historical or experimental data. One can begin the 
process by plotting parameters of interest to determine whether there appears to be a relationship between 
them. If it appears that there is a relationship the next step is to look for mathematical models that fit the data. 
Linear regression is an example of this process. The goodness of fit can be estimated based on the calculation 
of a regression parameter r-value. Other mathematical models can be similarly fit and evaluated. Many 
computer software packages will perform these fiuictions automatically. 
Historical and experimental models can be used for design trade studies and to provide the user with 
historical trends that exist between parameters. These can be used during the design process to provide 
guidance relative to how to change design parameters to affect the type of output changes required. 
Semi-empirical modeling combines theory with experimental or historical data. Theoretical models 
are utilized together with the incorporation of coefficients that represent the tested or historical relationship 
between the input and the output. Similitude is an example of a modeling process that may be used to create 
these types of models. 
Recently a great deal of research has been done in the area of neural networks and statistical networks. 
Such networks are becoming popular approaches in the creation of models to evaluate complicated designs 
These networks require a training set with representative values for input and corresponding output 
parameters. For EEDT development the purpose of this step is to establish a prediction model based on a 
limited number of known parameters. The prediction models will only be as good as the data from which 
they were created. 
. The easiest way to obtain a training data set is the use of closed form analytical solutions. This 
approach is generally only feasible when the designs are not complex. In some situations it is possible to 
develop a training set from experimentJil results. This is feasible when a prototype of the model can be built 
and the input parameters can be varied within their distributions. The experiment can then be performed 
numerous times at randomly selected values for each of the parameters. In some situations experimental 
approaches are not feasible due to the complexity or cost of the prototype. Semi-empirical models can also be 
utilized to simulate the detailed system. These types of models are typically built from historical performance 
data and statistical parameter characterization. Another approach taken is to establish analytical models based 
on experimental results. The analytical models are developed using numerical techniques such as finite 
element analysis. The input parameters are timed so that the output mimics the experimental results. The 
analytical models will then be run multiple times where each implementation will use random values from 
the range of each of the parameters. The result in all of these cases will be statistically distributed output. The 
output will then represent the more likely operating range instead of the operating range that results when all 
parameters are assigned their worse value. The output will represent the mean operating point and the 
distribution of the operating range around the mean. The engineer will then know within ±3a what operating 
range to expect for a given design. 
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In the domains where the designs are typically evolutionary rather than revolutionary, training sets 
can be created based on data from various historical designs. Each of the selected historical designs will be 
used to develop a common training data set The training data sets will consist of the prediction parameters, 
constraint parameters, and output values for the various combinations of the parameters. The training set win 
be introduced to a modeling package similar to a neural network or statistical netwoik, which will be used to 
establish a prediction model. The prediction model can then be used to predict the behavior of new 
preliminary designs based on new sets of parameters. 
Design models can also be built using numerical techniques such as finite element analysis. These 
types of models are more complex and often rely on access to sophisticated software tools. This type of 
modeling requires a higher level of design domain expertise as well as more resources and time. 
From the above discussion, it becomes obvious that there are several types of modeling approaches 
available and in certain circumstances different approaches can be combined. It is also advisable that the 
developer and domain experts consider the inclusion of several different models when predicting 
performance of proposed design. Using multiple models allows the user to obtain a ballpark range of results 
to consider. 
Model accuracy must be a consideration. The models should be accurate within 25 percent at least 75 
percent of the time. Accuracy here is defined as the difference between the actual value and the estimated 
value divided by the actual value. Known test cases can be used to verify models. 
Methods that can be used to improve model accuracy must be considered fix)m the beginning of the 
model creation process. First, one must avoid the use of imprecise inputs and those that require subjective 
assessments. Second, models should be recreated when new data becomes available. Coefficients and even 
model characteristics may need to be changed as more projects and information becomes available. 
3.3,5. Evaluatioa in the design domain 
Engineering design separates itself fiiom artistic design in that there are objective ways in which to 
evaluate the results. While exploring the design domains, the developer needs to identify the criteria by 
which the domain experts evaluate proposed designs. This criteria can often be inferred fiom the objectives 
and requirements established for the design. Examples of evaluation techniques include comparison to 
historical results, comparison to objectives, application of design heuristics regarding what characteristics a 
good design possesses or in some cases the establishment and satis&ction of an objective fimctioa Another 
^proach is the employment of different prediction models and subsequent comparison of the results. 
The designer requires guidance as to the acceptability of the current design. This can be accomplished 
by providing the designer with access to information concerning the acceptable ranges of input values in 
similar designs or a comparison to the result based on results of similar designs or specified design criteria. 
The designer needs to understand how changes in the input parameters may afTect the output Sensitivity 
analysis provides the designer with guidance as to how sensitive the output is to various i]:q)ut {)arameters. 
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The details of the sensitivity capabilities are discusses in chapter 9. Basically, a sensitivity analysis based on 
finite difference techniques was included so that the design can quickly identify the input parameters to 
which the current design is most sensitive. This Laformation will provide the designer with insight into which 
input parameters can be changed to produce the most significant change in the design objective. It will also 
provide the designer with an understanding as to how changing candidate parameters may affect the output 
3.3.6. Design improvements 
Optimi2ation is the first task that comes to mind when considering design improvement However, 
engineers can often gain insight into a design by looking at the design from the end-users perspective to 
discover ways to add value to the product or reduce the cost of the product Much of design involves making 
modifications to previous designs or improving upon preliminary designs. One approach to accomplishing 
this is the value engineering method. The first task is to list the components included in typical product 
along with their functioiL This step will provide a detailed look at the product, its components, and the 
assembly. It may also point out where components were added to correa some design problem that arose. 
Next, the values of the fimctions need to be determined firom the point of view of the user. If quantifiable 
values are not available a relative scale (high, medium. low) may be used. The costs of the components must 
also be determined. These costs may include material purchase parts. labor, or machine costs. The next step 
is to search for means of reducing costs or adding value to the product Table 3.1 lists common verbs 
associated with reducing costs and adjectives associated with adding value as discussed by Cross [6]. Finally, 
the various alternatives need to be examined for compatibility and appropriate improvements need to be 
made. 
Table 3.1. Design improvements 
Reducing Costs Adding Value 
Eliminate Reliability 
Reduce Utility 
Simplify Safety 
Modify Maintenance 
Standardize Lifetime 
3.4. Pitfalls of Studying the Design Process and Desipis in a Given Domain 
There are two common mistakes made when studying a new design domain in preparation for lEDT 
development First one may fail to realize the complexity and iterative nature of the study. Second, if one 
&ils to review what was learned fix>m the domain experts, flaws in the lEDT may result due to the lack of 
knowledge verification. 
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3 .^ Studying an Example Application Domain: Jet Aircraft Wing Preliminary Design 
The following sections describe the systematic approach based on Cross' engineering design process 
applied to jet aircraft wing preliminary design domain investigation. An initial survey in the aircraft design 
domain was undertaken to identify the portion of the domain to be utilized in the development of an lEDT for 
preliminary engineering design. Since the domain is very complex it was necessary to narrow the design 
problem to a manageable size and then determine the relevant design objective. The results of the initial 
survey yielded a commercial jet transport aircraft wing preliminary design as the sub-domain of interest and 
the corresponding design objective was to minimize the wing weight The next task was to identify the phase 
of the design process for which such a tool might provide the most immediate benefit. 
Aircraft design is a complex and multidisciplinary process that depends on highly sophisticated 
analysis and emphasizes design optimization. This industry, like most other modem industries, faces 
ambitious design cycle schedules that mandate that acceptable preliminary designs are identified rapidly so 
that ±e design cycle can quickly proceed to the detailed phase where optimization can be conducted. 
Designers who can make effective use of domain expertise often can readily arrive at acceptable 
preliminary designs by using their experience, design rules, and simplified calculations. The degree of 
success in this endeavor is often a function of the designer's ability to generalize past experience and 
knowledge, the relative complexity of the project, and the amount of time and resources available. Designers 
who are relatively new to a design domain or who are involved in complex design projects may have 
difficulty identifying a feasible design quickly so that enough time is left for detailed design or design 
optimization. The process can be streamlined if an investment is made towsurd the development and 
implementation of an DEDT. Such a tool incorporates design knowledge together with engineering design and 
analysis tools into one package. 
3,5.1. Defining the domain design objectives 
The first and most important step was to establish and clarify the wing design objectives at 
preliminary design. The process began with a session where two domain experts brainstormed possible 
design objectives with an emphasis on creating a comprehensive list of design objectives for a jet transport 
aircraft wing. The objectives were subsequently examined for relevance and appropriateness. Once the 
experts were satisfied that the set of preliminary design objectives was suitable and comprehensive, the 
objectives were arranged in a hierarchical objectives tree, as shown in Fig. 3.1. It became obvious that wing 
weight, the performance measure upon which the lEDT is focused, depends on many performance objectives. 
The highest-level design objective is performance, supported by three sub-objectives: aircraft mission, 
structural performance, and lifecycle issues. 
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Figure 3.1. Wing design objectives tree 
The aircraft mission, including range and speed, is ^ically provided in the mission specification for 
a new design. The aerodynamics of the aircraft wing must be considered if the plane is to fly the required 
mission. The designer must focus on the cruise speed (cruise Mach), the lift-to-drag ratio (L/D), and the 
control of the aircraft in making decisions regarding the design aerodynamics. In order to fly the mission the 
aircraft must be able to cany sufficient fuel, which is usually stored in wing fuel tanks. Thus, the designer 
must consider the wing weight These &ctors all contribute, indirectly, to the final weight prediction models. 
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There are also several lifeqrcie issues that the designer must take into account during the design 
process. These too have implications for the wing weight, especially the non-optimum weight There are 
many manufacturing issues that influence design decisions. Some design configurations require dif5cult and 
expensive manufacturing processes that are not feasible. There are also maintenance and accessibility issues 
that mandate certain design choices regarding cutouts and access doors. Lifecycle issues relate to the cost-
effectiveness of a proposed design configuration and ultimately influence the resulting wing weight 
Structural design objectives include both structural dynamics and strength goals. The design decisions 
resulting fiom structural considerations directly and indirectly affect aircraft wing weight Vibrations and 
flutter must both be controlled, as fatigue is always a design concera There have been many doomiented 
problems resulting from vibrations, most recently the Boeing 737. 100 and 200 series aircraft have been 
grounded by wiring problems attributed to vibration wear. Flutter boundaries must be removed from the 
flight envelope. 
The strength issues also relate to failsafe design and the necessity to support all of the loads mandated 
by the V-n diagram for the aircraft's missiott In addition to the V-n diagram loads, the aircraft wing may 
need to cany concentrated wing loads due to engines or landing gear. The wing structure must be robust 
enough to cany the loads without excessive deformation and must be rigid enough to resist rotational 
deflection due to torsion. 
The preceding paragraphs describe the decisions that impact the wing design and impact the wing 
weight Since the lEDT is concerned with wing weight prediction, this objective must be subdivided. The 
above decisions afTea the optiinum weight The optimum portion of wing weight is the fninimiim structural 
weight required to carry its loads. The goals for the optimum portion of the wing weight are to identify an 
efBcient structure and to utilize high strength to weight materials. The non-optimum portion of the wing 
weight is weight added by high-lift and control devices, weight added to reinforce joints and critical areas or 
loading points, weight added because standard gauge materials and less than optimum sections are used as 
well as other deliberate departures from optimum design. There are three design objectives the designer 
should focus on to reduce the non-optimum weight The designer should use efBcient joints, optimize the 
section length, and utilize taper. 
3.5.2. Determining the domain design requirements 
It had already been decided to concentrate on the preliminary phase of engineering design. Thus, the 
requirements definition task was focused on the requirements for commercial jet aircraft wing designs. The 
domain experts were asked to start with the objectives tree and transform the objectives into requirements. In 
order to be sure the requirements list was comprehensive, other designs within the commercial jet class were 
examined. The next task was to establish performance attributes for each design requirement Once this was 
done values or ranges of values were established for each of the performance attributes. The results of this 
task that relate directly to wing weight are recorded in Table 3.2. 
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Table 3.2. Wing design requiiements 
Wing Design Requirement Attribute Range 
High L/D Ratio Aspect Ratio 5 - 10.5 
Swtt/Sref 4-8  
Thickness/Chord 0.08-0.18 
High Lift Devices None - Highly Sophisticated 
Efficient Cruise Speed Cruise Altitude 25.000 - 45,000 ft 
Cruise Mach 0.76-0.95 
Lift Coefficient 1.0-5.0 
Good Q>ntrol during M^euvers Ailerons Flaps, Slots, Slats 
Adequate Fuel Volume for Mission Aspect Ratio 5 -10.5 
t/c 0.08-0.18 
Minimum Wing Weight Gross Take-off Weight 10,000 - 805,000 lbs. 
Sweep at Quarter Chord 0-40  deg.  
t/c 0.08 - .018 
Aspect Ratio 5 - 10.5 
Non-optimum Weight Ratio 1.75-2.75 
Stmctural Box Depth 42.5-75% of Chord 
Taper Ratio 
q
 1 
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Thickness Ratio 0
 
d
 1 d
 
Control. High-lift Devices None - Highly Sophisticated 
3.5.3. Function analysis 
As mentioned previously, fimction analysis is the critical step to formulate the knowledge acquisition 
strategy. It is also in this step that a great deal of knowledge will inherently be acquired pertaining to the 
design artifact itself as well as the design process. This step was time consuming and was allotted a large 
amount of development time. Both the wing design and wing design process were examined. 
3.5.3.L Wing design 
The first effort in the wing domain investigation was to establish the parameters that are important at 
the preliminary design phase. The criteria established to distinguish this list was that each parameter must be 
known at that phase of the design, and it must impact the design objective, the wing weight Brainstorming 
was the technique employed to formulate an initial list of parameters that was evaluated by each of the design 
experts to identify which of the parameters on the list met the criteria. In making their decisions, the experts 
were asked to consider the historical prediction methods along with the prospect of developing new models. 
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The final list of preliminaiy design parameters was then used as input for the lEDT and also in the 
development of a new prediction model, as will be discussed, in detail, in chapter 7. 
One of the main tasks in examining the wing design was to develop a product breakdown diagram 
where the main components and their details are laid out An example of the wing component breakdown can 
be found in appendix A. Development of a product breakdown for the aircrait wing provides a format in 
which to record critical information pertaining to the aircraft wing, independent of the design process. This 
diagram serves as a format for what knowledge must be acquired. The other significant activity encompassed 
the assimilation of a database of historical design information for jet transport aircraft 
3.5.3.2. Wing design process 
Function analysis was successfully used to outline a typical design process for transport aircraft 
wings. The results fit)m this analysis can be used as a guideline for planning the knowledge acquisitioiL The 
design process also served as a blueprint for the layout of the lEDT as it clearly illustrated how and when 
knowledge and tools are used. 
The process began with an examination of how different experts approached the design effort Each of 
the observed steps was recorded as an independent activity. A domain expert was then consulted to classify 
each activity into appropriate levels of design abstraction. The highest level activities were identified first 
and the remaining activities were set aside until later. The next step was to order the activities into a 
reasonable design process. This was not as straightforward as it may sound. The design process is highly 
iterative and the steps are highly inter-dependent Thus, the expert had to make choices that produced an 
acceptable order to the tasks. Once an acceptable task order was identified and laid out the expert was asked 
to indicate the flow of activities by adding arrows to the layout This step allowed the expert to depict the 
iterative nature of the process. This step was followed by a session where the expert was asked to consider 
design trade-ofEs and considerations. In this session the domain expert was asked to provide mathematical 
relationships, examples of calculation tools, and other rules that were important to accomplishing the design 
at the highest level. These too were noted on the diagram. It is important to point out that the resulting 
diagram will continue to evolve as the knowledge acquisition process continues and the expert fills in 
additional details. It would be inefScient to expect the diagram to be complete after one or two sessions 
unless the design is very simple. 
Once the top level design process is laid out the expert is asked to turn attention to the remaining 
design activities that were set aside during the initial steps. Typically, these activities will provide support for 
the top-level tasks. The process for these lower level design tasks is identical to what was done for the 
hi^est level activities. The expert selects a support activity and identifies all required tasks. The tasks are 
then ordered into a flow diagram and the corresponding details are added. It is important to note that there 
may be additional lower levels of abstraction within the design process. The expert must continue to sort 
through activities and be siu% that what is indicated on respective diagrams relates only to the level of 
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abstraction addressed on each diagram. Examples of the design function process diagrams can be found in 
appendix A. 
3 .^4. Design alternatives 
Prediction models have been developed for aircraft wing weight prediction for preliminary design. 
The development of these models is discussed in detail in the chapter entided. 'Prediction Models'. In 
summary, a prediction model was developed based on strength of materials concepts and utilizing historical 
design data. Monte Carlo Simulation was used together with the prediction model to create a training set of 
design observations for jet aircraft from ten thousand to eight hundred thousand pounds take-off gross 
weight The training set. representing the aircraft wing design space, was introduced to a statistical network 
software package, ModelQuest which created a prediction model based on six input parameters known or 
controlled by the designer at preliminary design. Three additional historically based statistical models were 
also described. The four models can be used to provide an estimate of the wing weight 
Each of these prediction equations requires that the designer identify values for various design 
parameters. Some of these parameters msy be established in a design specification while the design process 
will need to establish others. The TFDT provides the user with some guidance in the selection of design 
parameters. This capability is built into the tool using fuzzy logic techniques, as discussed in the chapter 
entiUed. 'Fuzzy Logic'. The tool also provides easy access to graphs and drawings in the event that the 
designer wishes to examine these information sources. This embedded knowledge provides the designer with 
efticient and timely access to important information, thus saving valuable time and resources. 
3.5 .^ Design evaluation 
There are two main design evaluation features built into the lEDT. First the designer can access the 
acceptable range of values for all input parameters as well as the typical range of expeaed output weight 
values for similar aircraft within the corresponding aircraft class based on take-off weight These will provide 
guidance for the particular design at hand, but will do little to help the designer alter the current design if 
desired. Therefore, the ability to perform sensitivity analysis was incorporated. 
Sensitivity analysis provides the designer with guidance as to how sensitive the output is to various 
input parameters. The details of the sensitivity capabilities are discussed in the chapter entitied. 'Sensitivity-
Analysis'. Basically, a sensitivity analysis based on finite difference techniques was included so that the 
designer can quickly identify the input parameters to which the current design is most sensitive. This 
information will provide the designer with insight into which input parameters can be changed to produce the 
most significant change in the weight It will also provide the designer with an understanding as to how 
changing candidate parameters may affea the output 
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4. THE ENGn^ERlNG DESIGN PROCESS APPLIED TO KNOWLEDGE ACQUISITION 
4.1. Background 
Knowledge acquisition is the foundation of an integrated engineering design tool development 
(lEDT) project If the right knowledge is not collected, there is almost no chance that the EDT will be 
successfiil. BCnowledge acquisition requires a considerable amount of time at the beginning of lEDT 
development and will continue to place demands on the developer and domain experts throughout the 
development period. 
The process of knowledge acquisition has often been referred to as the bottleneck of knowledge-based 
system development Since the proposed integrated engineering design tool will incorporate design 
knowledge, it stands to reason that streamlining the knowledge acquisition will be a necessary achievement 
in the development of a domain-independent development approach. 
4.1.L Tjrpes of knowledge 
It is important for the developer to recognize the types of knowledge that can be expected during the 
acquisidon process. These may include declarative knowledge such as &cts, heuristics, concepts and their 
relationships, knowledge of procedures including instructions about what to do. Other types include control 
knowledge that describes what to do and why it needs to be done, design knowledge that includes 
characteristic, fimctional descriptions, structural descriptions and parameters, contextual knowledge, causal 
knowledge, explanation knowledge and justification knowledge. Humans can excel in providing some types 
of knowledge, but are virtually incapable of verbalizing implicit knowledge or know-how. When experts are 
forced to express this type of knowledge their responses are often fiizzy or incorrect In some cases the expert 
will cite the textbook model even if it is not remotely representative of what is actually done. In these cases 
the expert will rely on the textbook model believing that this is the way the problem should be solved. The 
expert may feel that a practical solution based on experience is somehow inferior despite its proven success. 
One other danger that the search for implicit knowledge may &ce is that experts faced with the di£5culty of 
expressing this knowledge may feel threatened and become uncooperative. 
Often experts must regress to a novice level to recall the rules and facts they used then. The tool 
developer can expect the knowledge they obtain from experts to consist of references to objects, relations and 
other observations. The expert is likely to provide qualitative descriptions and categories that are useful in 
discussing the design. The expert noay also convey beliefs, doubts, assumptions, fears, and conclusions. 
Buried in this information one may find clues about the levels of abstraction used by the expert 
Identification of the different levels of abstraction will help the engineer determine bow to subsequently 
organize the knowledge since it is likely that knowledge will be most effectively processed at its 
corresponding level of abstraction 
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4.L2. Participants 
Selection of personnel to participate in the development of an lEDT is an important step in assuring 
the success of the projecL The developer will need to identify willing experts as weU as potential users. In 
some cases individuals may fall into each category. 
4.1.2.1. Domain experts 
There are two categories in which experts can be classified. Experts in the first category are referred to 
as domain &cilitators and provide information relative to any strategy or logistics problems. Experts in the 
second category are persons who provide knowledge directly relating to the knowledge base. Experts 
^ically hold unique positions in the domain being studied that qualify' them to provide special information 
concerning &cts and procedures required for the domain. Experts also provide insights into their own 
experiences and thoughts as they relate to the domain. 
4.1.2.2. Definition of expertise 
Defining expertise is an important step in selecting appropriate experts and also appropriate 
knowledge acquisition strategies. Expertise is an operative knowledge used to achieve a problem solutioiL 
which is charaaerized by a set of abilities required to achieve the solution. A definition of expertise must 
include which inputs are required and wiiat outputs result Identification of inputs determines what kinds of 
information need to be obtained during the knowledge acquisition process. Outputs, on the other hand, 
identify potential solutions, which will be important to the lEDT. Representation of expertise in problem 
solving should include potential solutions and parts of solutions organized into problem classes. All relevant 
information required to solve the problems must also be encoded. Goals and means to achieve them must 
also be incorporated. 
4.1.2.3. Levels of expertise 
Human skill level can be classified into five categories: novice, advanced beginner, competent, 
proficient, and expert. There are characteristics associated with each level that both define each level and 
differentiate it from other levels. 
A novice person learns fects and rules that are relevant to a particular skill. They leam this declarative 
knowledge irrespective of context Novices are not likely to recognize situations in which it is appropriate to 
violate the established rules. At the novice level it is difBcult for the individual to generate inferences and 
relationships that are not explicitly provided. 
Rules and &cts allow novices to gain experience and move on to an advanced beginner level where 
attention is paid to situational elements. At early stages of skill development persons focus on superficial 
characteristics of a problem. Neither novices nor advanced beginners feel much responsibility for what they 
do. Since they are simply applying rules, any ^ure can be easily blamed on the rules. At these skill levels. 
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individuals tend to solve problems by beginning at the goal and working backward to fill in miR'Hng details. 
When all of the details are in place, the problem is worked from the front end to a solution. 
At a competent skill level a person becomes goal oriented and no longer simply follows rules. At this 
stage a person will ignore lessons they learned at the beginning stages and accept some personal losses. The 
ability to set goals and develop plans to achieve them distinguishes persons at this stage from their 
counterparts in the earlier two stages. When persons at this stage &iL they feel responsible for their &ilures. 
Likewise, when success is reali7R<i. it is very satisfying on a personal level. 
The next skill level, known as the proficient stage, is characterized by the involvement of the person. 
At earlier stages, persons make conscious choices after studying options. Proficient persons do not rely on 
detached deliberation. Instead, they have the ability' to recall similar past situations and apply them to the 
current problenL Proficient persons still rely on analytical thinking. 
The final stage is the expert level where persons know what to do because the have a deep 
understanding of the problem. The expert's skills are simply part of who the expert is. Experts approach 
problems by woridng forwards in a goal-oriented &shion. The experts may no longer even be consciously 
aware of what they do, they just do what works with confidence that their methods wUl be effective. 
Because humans have a limited capacity to process large amounts of information, they tend to cluster 
related information into chunks. The size of the chunks of knowledge is directly related to the amount of 
expertise the individual possesses. Persons with more e.xperience organize these chunks differently and more 
efficiently than novices and begiimers. Experts organize their knowledge into a highly structured hierarchy 
and also use diverse knowledge structures such as lists, tables, decision trees, netwoilcs, physical models, and 
maps as appropriate. Experts seem to be able to employ more procedural knowledge, utilize first principles to 
develop a solution, and have a better imderstanding of the applicability of their knowledge to a given 
circumstance. Experts are able to employ more procedural knowledge, utilize first principles to develop a 
solution, and have a better understanding of the applicability of their knowledge to a given circumstance. 
Experts also use different search methods and reasoning abilities. Generally, experts are skilled in 
recognizing old patterns in new problems, i.e. in utilizing past experiences in current design situations. One 
of the key thingc that distinguishes experts from novices is their ability to use episodic memory which is a 
record of events that correlates domain concepts to each other. Experience provides the expert the ability to 
see how seemingly unrelated events may relate to each other. Experience creates a vast museum of 
knowledge, which may be consulted during the solution of a new problem. Expert level problem solvers 
spend more time qualitatively analyzing problem and are more concerned with abstract patterns than with the 
sur&ce features of the problem. 
Experts also use multiple representations easily and often, recognizing which representation schemes 
are better for the different and complex tasks associated with design and problem solving. Novices, in 
general have many di£5cidties using multiple representations. In &cL use of multiple representations can 
38 
significantly handicap the novice's ability to grasp new material. Therefore, in selecting knowledge 
representation schemes, the abilities and familiarity of novices must be considered. 
In summary, the knowledge experts possess can not be equated with intelligence. What is important 
about expert knowledge is the way experience is encoded and translated. A second key ability possessed by 
experts is that they solve problems by revising them to fit into solutions they already know. Experts have a 
thorough understanding of both declarative and procedural knowledge in their domain and have developed a 
sophisticated means of structure and organization. 
4.1.2.4. Selecting the experts 
One of the first issues that should be addressed is the appropriate number of experts. This is an open-
ended question and depends on several Actors; number of experts available and willing to participate, the 
elicitalion methods employed, and the amoimt of time allotted for the knowledge acquisition process. The 
first &ctor is dependent on the domain application There are some guidelines for the different types of 
elicitation methods. 
The actual identification of experts must be pursued with the cooperation of fecilitators in the domain. 
Persons who are familiar with the selected domain application are in a much better position to identify who 
the experts are. Once the process begins, it is often possible to expand the list by asking the experts who else 
they know of that might be able to enhance the knowledge base. In the identification of experts the goal is to 
obtain a diverse group of individuals with different experiences, education, interests, skills, and priorities. It 
is also imperative that the experts be willing and able to commit time to the project. Desired characteristics 
for a domain expert include domain experience, good communication skills, commitment, patience, and 
persistence. The expert may serve in several capacities during the development of the EEDT including 
mentor, consultant, and evaluator. 
4.1.2.5. Multiple experts 
There are advantages to using more than one expert to obtain domain knowledge. Multiple experts 
provide a better overview of the different kinds of expertise that are common in the domain. Including 
multiple experts often assures that issues will be considered based on diverse viewpoints. Different experts 
are likely to approach problems from different perspectives using di£ferent solution techniques based on 
unique experience. Individuals can not be experts in every aspea of the domain. It is therefore critical to 
employ multiple experts to provide a comprehensive knowledge base. Multiple experts will be able to fill in 
gaps and holes in the knowledge base. Using multiple experts also minimizes the chances that one individual 
will influence the results to the exclusion of others. In situations where experts already have significant 
demands on their time, utilizing more than one expert will alleviate the burden to any one individual and 
keep the project moving. A significant advantage of utilizing multiple experts and including their knowledge 
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in one expert system is that the user of the system will have access to all of the expenise and can examine the 
diverse ways problems are approached in search of solutions that satisfy a new problem. 
When multiple experts are queried, representative lines of reasoning used by the group and also the 
unique approaches used by individual experts should be ascertained. The developer needs to discover the 
major distinctions that the individuals use and determine what the common language and terminology of the 
domain is as seen by the experts. Interviewing techniques, observation, protocol analysis, and group 
discussions are all effective means of gathering knowledge from multiple sources. 
4.1.2.6. Motivating experts 
Providing participants with an opportunity to have input to lEDT will improve their willingness to 
participate because they can directly identify the advantage of being involved. In general, individuals prefer 
to have some measure of control of the process that affects their woik. Since the tool is meant to enhance the 
work environment it should permit the users to perform their job more effectively and efBciently. Thus, they 
will be able to help the company maintain a competitive edge. 
A brief project description and an explanation of how it fits in the big picture should also be given to 
the exi)ert The project description should be broad enough to encompass all the types of questions, which 
will be addressed during the session. The project description should mention the interested parties. The 
expert should be made aware of the time fiame for the project and the amount of individual time that will be 
expected. Finally, the required tasks and professional expectations should be clarified. Descriptions of 
background material or knowledge that is needed will help the expert prepare. Experts should also be assured 
that they will not be forced to provide knowledge they are uncomfortable articulating or which is beyond the 
scope of their expertise. 
There are many aspects of a project that may inhibit potential participation. One of the biggest is the 
amount of time that will be consumed. It is up to the developer to plan and prepare so that time commitments 
on the part of the expert are minimized. Use of multiple experts also alleviates some of the time demands cn 
any one individual Experts should be reassured that their expertise is not being chaUenged. and in fact their 
knowledge is sought because their expertise is respected. Emphasis is not placed on correa answers and the 
knowledge acquisition process is not designed to be a test 
4.1.2.7. Users 
It is important to identify' the probable users of the tool and their level of expertise. In some cases the 
users and the experts may be the same due to the integrated nature of the tool. User support should be 
enlisted throu^out each phase of development. End-users are more likely to be enthusiastic about a projea if 
they believe that it will offer them some personal added value. If the users feel a degree of ownership of the 
final system they will pay more attention to it and use it more fi^uentiy. Another consideration that needs to 
be addressed early and throughout development process is user acceptability. 
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Much of the focus of lEDT development is on the experts and capturing the knowledge they possess 
and apply. There must be a balance between the expert's and the user's model of the domain of the domain. 
These systems need to be designed to meet the needs of the persons who will use them. To accomplish this it 
is necessary to identify the types of problems that users need to solve. Next the knowledge the user brings to 
a ^ical solution process must be discovered, including the user's goals, constraints, and types of problems 
that the user expects to address using the EEDT. 
4.L3. Managing the knowledge acquisition sessions 
McGraw [11] identifies five knowledge acquisition session management objectives; (1) establish 
acti\'e leadership early in the process, (2) control the session introduction and establish its purpose. (3) guide 
the expert through the session. (4) help focus the expert on the appropriate points, and 95) summarize and 
dd)rief the expert at the end of each session. The developer should always appear in control, convey a 
fiiendly, professional attimde and present and stick to an agenda. The developer should be prepared for the 
session, thoroughly thinking about and organizing the session so that stated goals can be met The knowledge 
type and level of abstraction should be identified prior to the .session. At the end of the session it is critical to 
summarize the session, identify new areas that need to be explored, and inform the expert as to what is to be 
expected next 
4.1.4. Critical success factors for knowledge acquisition 
There are many Actors that contribute to the success of a knowledge acquisition. Jack Fellers [13] 
used the critical success &ctors technique to identify the important factors dictating the success of such a 
project A small group of paiticipants who worthed on expert system development was assembled. Despite the 
small sample size and the &ct that there are many difierences among knowledge systems. Fellers believed it 
was appropriate to make some general observations, which are thought to pertain to most projects. Table 4.1 
from Fellers [13] summarizes the general findinp of the study. 
Although all situations are unique, some general observations can be made. Rapport commimication 
skills, and management siq>poTt were consistendy ranked high. This observation is supported by a University 
of Minnesota survey of Fortune 100 companies that found that the characteristic they sought most often in 
knowledge engineers (developers) was good interpersonal/communicadon skills. The other apparendy 
consistent result was the relatively low importance placed on understanding of project management as well as 
experience in expert systems development 
After recognizing the general overall results, attention can be focused on each of the categories. As 
Table 4.1 shows, domain/application selection and management support were ranked as most important in 
overall expert systems development This is especially true if the project is the first one an enterprise has 
undertaken. Inaugural projects should be narrowly scoped and should provide an obvious payback to the 
organizatioiL The most important goal of a first expert system project is that it succeeds. Managerial interest 
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and support at several levels of management is veiy important The enterprise needs to commit the necessary 
resources for the project 
The same seven Actors were ranked in the knowledge acquisition process. The results that 
finding the right expert one that possesses the required domain knowledge and is willing and able to share it 
is an important &ctor in the success of the knowledge acquisition process. 
The third category considers the important developer (knowledge engineer. KE) attnbutes. The two 
most important Actors appear to be the ability to develop and maintain rapport and communication drill*; 
The next six Actors although not ranked as highly as the first two Actors, were all found to be of major 
importance. The first factor listed in this group, understanding the domain and its vocabulary, supports the 
Table 4.1. Feller's Critical Success Factors 
Importance Overall Expert Knowledge Developer Facilitating the K£-
Systems Acquisition Process (Knowledge Expert Relationship 
Development Engineer) Attributes 
Vital Ability to Develop 
and Maintain 
Rapport 
Criticai Doniaiii/Application Ability to Domain Expert 
Selection Develop/Maintain Ownership 
Management Support Rapport Conununication 
Commtmication Skills 
Skills 
Msgor Domain Expert Domain Expert Understanding Management 
Attributes Attributes Problem Domain and Support 
KE-DE Reladonship Domain/Application Jargon Non-Tlueatening 
KE Attributes Selection Flexibility Environment 
Knowledge Man^^ement Support Expert Systems Understanding of 
Elicitation KE Attributes Development Project Goals 
Techniques experience 
Patience 
Knowledge 
Elicitation 
Techniques 
Creativity 
Minor KE's Understanding KE-DE Relationship Technical Expertise Knowledge 
of Project Knowledge Systems Andysis Engineer's 
Management Elicitation and Design Understanding of 
Techniques Experience Problem Domain 
Knowledge 
Elicitation 
Techniques 
Marginal KE's Understanding Expert Systems 
of Project Development 
Management Experience 
Domain Expert's 
Understand^ of 
Expert Systems/AI 
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communication process. As can be seen, the more important attributes concern the soft personal skills rather 
than the technical skills. 
There were also ten factors identified as potentially important to the developer-domain expert (D-DE) 
relationship. In this category rapport was ranked significantly higher than the other factors. Establishing a 
good rapport can help to motivate the expert to participate and support the project. 
The developer plays the central role in the lEDT development. Fellers [13] has identified several 
desirable personal attributes and skills that the developer should possess. As a starting point, the 
characteristics found in systems analysts were examined because of the number of parallels between the two 
roles. Based on the research it was concluded that people skills like communication, organization, 
intelligence, patience, tolerance, diplomacy, flexibility, and interpersonal relations were at least as important 
as technical skills. One explanation for the ever-increasing emphasis on people skills attributes is due to the 
improvements made to software shells that reduces the need for technical programming skills. A University 
of Minnesota study found that 85% of the Fortune 100 companies that report using expert systems used 
available software shells [13]. In summary, the developer needs to be able to think rationally and 
communicate effectively as well as possess the capacity to think quickly and adapt knowledge acquisition 
strategies to fit the situation. 
4.1 .^ Modeling knowledge acquisition 
Humans spend a great deal of effort assimilating and transforming bits of information from several 
sources in an attempt to make sense of the world. These same processes are required when a developer is 
attempting to make sense of a new domain. Domain experts have already processed relevant information and 
serve as good resources. Thus, if an effective design tool is to be developed, the developer must be able to 
capture and encapsulate pieces of domain knowledge into a coherent aggregate. The purpose of such 
processing is to provide a design tool that can efficiently draw conclusions and make predictions based on 
relevant evidence used by engineers who are experts in their design field. 
The affective domain proposed by David Krathwohl [3] can be used as a foundation for modeling 
knowledge acquisition. At the lowest level the developer must be aware of the existence of the information 
and willing to receive it. As knowledge is received the developer must progress to a level of actively 
processing the information. This includes decisions regarding the value of the information and filtering 
information that is not usefiil. Other processing activities include sorting, organizing, analysis, and synthesis. 
There are many tools humans use to evaluate and transform information [3]. First, humans use the power of 
observation to recognize or recall information. Next, information is classified, compsu'ed, and contrasted in 
search of patterns and generalizations. During this process information is filtered as relevant or irrelevant. 
This leads to the final step, the application of the acquired knowledge in the lEDT. The application step 
requires the developer, together with the domain experts, to form conclusions based on the information 
processing steps. This process includes checking for information consistency and confirming its accuracy. 
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Higher order cognitive processes are critical during die application stage where assumptions and 
generalizations must be inferred. The effectiveness of the tool is dependent on the characterization of the 
knowledge required in the design domain. This inherently iterative process is illustrated in Fig. 4.1. Once an 
information base has been established for a particular product area, it is only necessary to update it for the 
next generation of products or other product variations. 
Reception of 
Information 
Processing of Information Transmission of 
* Information 
Determine 
Objectives 
Search 
& 
Obtain 
Fiher Sort Organize Synthesis Analysis Application 
in Tool 
i 4 
-
Figure 4.1. Phase of knowledge acquisition 
4.1.6. Knowledge acquisition phases 
An initial knowledge acquisition phase accompanies the original survey of the domaiiL The primary 
concepts, elements, and attributes of the selected domain must be discovered in order to gain a better 
understanding of the domain. During this domain conceptualization phase one should work closely with a 
domain expert to become familiar with domain vocabulary, objects, and applications. The domain expert 
should provide domain categories and corresponding descriptions concerning how they are similar or 
different In doing this activity the expert's mental map of the domain will become increasingly apparent 
This skeletal representation can be used to fill in details later. There are two important issues to bear in mind 
during this phase. First, it may be difBcult to adequately refine the knowledge pnnided at this stage and the 
developer may not recognize when enough information has been obtained to create an adequate initial picture 
of the domaiiL Second, a domain expert must be highly involved as the main components of the design 
domain are mapped. 
A more focused and detailed knowledge acquisition process commences as a structure for the domain 
emerges and a reasonable segment of the domain has been identified. Once the tool developer has completed 
the initial study of the domain, the knowledge acquisition requirements will become more apparent It is 
helpful to formally outline the knowledge that should be elicited since the reliability, validit>-, and accuracy 
of the knowledge has a direct and significant impact on the performance of the expert system. 
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4.2. Applying the Design Process to Knowledge Acquisition 
Knowledge acquisition, as shown in Fig. 4.2. is an iterative process, which involves eliciting 
knowledge from experts, acquiring information from other sources, analyzing collected knowledge and 
information, and often interpreting the knowledge and information obtained to discover underlying reasoning 
processes. The knowledge-gathering phase must be followed by a validation stage in which the knowledge is 
checked and verified. The developer will also need to refine the knowledge obtained during the process. 
Domain Vocabulary I 
Background Information ! 
Define Major Concepts ! 
Identify Main Relation^ps ! 
Identify Inputs/Outputs 1 
iCnowIedge Acquisition ! 
Planning i 
1 Implement Knowledge | 
! Acquisition Plans ! 
! Sample Problems/Cases ! 
! D^gn Procedures 1 
! Knowledge Sources 1 
1 Review Knowledge with Experts 
! Verify with Other Experts 
! Data Analysis 
1 Knowledge Representation 
1 Prototype Development 
I Test Prototype 
Project Definition -i- Gather y-4 ^  Validate; , Refine 
Domain Expert 20% ; 
[Knowledge Engineer 50%; 
I Domain Expert 50% | 
1 Knowledge Engineer 80% 
I Domain Expert 20% 
Figure 4.2. Knowledge acquisition process 
Planning the knowledge acquisition procedure careMly is critical. In the past the planning stage has 
not been given adequate consideration or time and many projects have failed as a result The planning phase 
should not be regarded as an unnecessary' delay but rather a necessary first step in the knowledge acquisition 
process. Many of the knowledge acquisition methods proposed to-date are described in appendix B. Little has 
been done to compare alternative acquisition approaches and classify their appropriateness to various 
domains. Many may argue that the diversity in domains and applications make such an endeavor nearly 
impossible. Even when improvements to the knowledge acquisition process are discovered (often by 
accident) during the elicitation process in a particular domain it is often difficult to generalize them across 
other domains. However, since the performance of an lEDT that includes design knowledge depends on the 
reliability, validity, and accuracy of the knowledge obtained during the knowledge acquisition phase of 
system development an attempt to approach a systematic procedure is imperative. Thus, one must look for a 
means that is common and ^miliar to all of the domains that may be considered. 
One can begin by examining the levels of cognition and develop a relationship between knowledge 
acquisition and Bloom's taxonomy. One can refer back to Fig. 4.2 to begin to see how the knowledge 
acquisition process minors Bloom's taxonomy. Early in the process the cognitive tasks center on very low 
level domain knowledge and backgroimd information. The developer, working with domain experts, must 
recognize what knowledge is required, what resources are available, and what knowledge acquisition 
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strategies are available. These tasks fall within the knowledge level. The developer must be able to identify 
vocabulary, major concepts and primary relationships. The developer can then move on to the 
comprehension level. At this level it will be possible for the developer to determine which knowledge 
acquisition methods are more appropriate for the domain and plan the knowledge acquisition activities. 
The next step in the process is to implement the knowledge acquisition plan, which requires the 
developer to be at the application cognition level. At this stage the developer will employ some of the simpler 
methods to study design procedures and sample cases. The goal is to find the knowledge and obtain 
information. 
As the nature of the knowledge becomes more complex, it may become necessary to use more 
complicated methods that require the developer move up to the analysis level. At this stage the developer will 
need to examine the knowledge and review it with the experts. The knowledge will need to be decomposed, 
analyzed, and organized with respect to the design process and EEDT needs. Other tasks relevant to the 
analysis level include the validation of data by using different methods or different sources. 
The developer then proceeds to the synthesis level where the knowledge can be restructured so that it 
is ready for incorporation into the EDT and subsequently builds a prototype for the lEDT. These activities 
include the possibility of needing to integrate knowledge from various sources into a single coherent 
knowledge base. Finally, the developer will need to evaluate the quality and completeness of the knowledge 
and test the prototype. This corresponds to the highest level of Bloom's taxonomy, the evaluation level. 
Since it has already been shown that the engineering design process directly parallels Bloom's 
taxonomy and this research is focused on developing an integrated engineering design tool for engineering 
domains, it is reasonable to use the engineering design process as a genersd format for the knowledge 
acquisition process. After the initial study of the domain is complete the developer should have a good 
overview of the domain and a picture of which areas require major knowledge acquisition efforts. These 
areas can be fiirther decomposed by completing the following activities as oudined by the engineering design 
process. 
4,2.1. Defining knowledge acquisition objectives 
Figure 4.3 illustrates a general objectives tree for the knowledge acquisition process that may be used 
as a guide. The ultimate goal of the knowledge acquisition process is to obtain essential domain knowledge 
required to successfiilly accomplish a good design. The objectives of the knowledge acquisition process can 
be divided into two areas, objectives related to the knowledge and objectives related to the knowledge 
acquisition methods. Defining the objectives for the knowledge acquisition process, one must identify the 
knowledge needs of the design engineers in the selected domain. The developer must understand the design 
domain well enough to identify the appropriate knowledge that must be obtained. There are several different 
types of knowledge and tools an engineer requires during the design process. These include information, 
design rules, data, constraint and prediction models, and computational tools. There are several objectives 
simple ProUuclive Accurate 
knowledge 
Relevant 
knowledge 
Complete 
knowledge 
Use logical 
order 
Unbiased 
knowledge 
Identify best 
resources 
Minimize 
expert's burden 
Use appropriate 
methods 
Hasy 
Post-processing 
Practical Comfortable 
Gather appropriate 
knowledge t>pcs 
Utilize Appropriate 
Fonnats 
Identify designer's 
knowledge requirements 
Obtain essential domain knowledge 
Utilize efTicieiU 
knowledge acquisition 
methods 
Figure 4.3. Knowledge acquisition objectives tree 
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related to the goal of acquiring appropriate knowledge. The developer and domain experts must obtain 
relevant knowledge. Time and resources will most likely be stretched and the project will not be able to 
absorb the cost of acquiring unnecessary informatioa The knowledge must also be accurate since the 
reliability of the lEDT will depend on the accuracy of the knowledge and tools used. It is also recognized that 
some knowledge can be tainted with bias. One source of bias resides with the subjectivity of design 
knowledge. Different experts may interpret and use the same information differently. Other sources of bias 
will be discussed later in this chapter. Finally, the developer must obtain complete knowledge so that the 
DEDT will be a comprehensive design tool. 
In addition, the developer needs to identify the best resources. These may include, but not be limited 
to the following; books, technical documents and drawings, the internet, or human domain experts. Use of 
multiple sources is preferred esi>ecially when knowledge is subjective or when knowledge needs verification. 
The final objectives related to the knowledge concern the order and format in which it is gathered. 
The developer should plan the acquisition process carefully. Utilizing the fimction analysis for the domain's 
design process will provide a good blueprint for the order in which information is used by the designer. 
Bloom's taxonomy must also be considered. Since the developer is often not an expert in the design domain 
under investigation, it will take the individual time to progress to higher levels on Bloom's taxonomy. If an 
attempt is made to acquire high level knowledge immediately, the developer will have difficulty 
understanding how to organize and evaluate it It will also be difficult to ask the appropriate questions of the 
domain experts or identify the proper knowledge acquisition methods to use. In this situation, the developer 
should plan to gather knowledge level information first and build to a cognitive understanding of what the 
knowledge means and how it is used. From this point the developer can leam how to apply the knowledge, 
then move on to the more complicated scenario of analyzing designs using the knowledge and tools. After 
the developer has reached this level it should be possible for the expert to begin to understand the synthesis 
processes in the domain and how or when knowledge and tools are used to accomplish design synthesis. 
Only after the developer has proceeded through the first five steps will it be possible to evaluate the design 
knowledge and evaluations processes within the domain. 
The developer should also request and process knowledge in the same formats used by the domain 
experts to avoid misinterpretation. It may be difficult to utilize some formats until the developer is working at 
higher levels of cognition. Thus, like the design process, the knowledge acquisition process will typically be 
iterative in nature, requiring the developer and expens to revisit areas as the process continues. 
Additionally, one must examine the available knowledge acquisition methods and establish objectives 
for how the knowledge is to be acquired. The developer should seek to utilize the most efficient methods of 
knowledge acquisition. This means that the selected method or methods be appropriate to the domain, to the 
developer, to the expert, and to the of knowledge sought This often requires that the developer gain a 
good sense of the domain and the type of required information so that the most appropriate methods can be 
identified. Many of the suggested methods are difficult for the developer to apply unless the developer 
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alieadty has a substantial expertise in the domain mider investigation and thus may not be pracdcaL The 
developer must be comfortable using the method before it is even considered. It is also necessary to be sure 
that the expert understands the method and is also comfortable using it If these conditions are not met, other 
methods should be considered. The selected method should also be productive, maximizing the quantity and 
quality of the knowledge obtained relative to the resource investment Flexibility is also important so that the 
developer and expert can adapt the approach when it does not work as planned. The developer should also 
consider which methods will have the least impact on the designer's time. Typically, the experts will be busy 
and woddng within ti^ schedule constraints. No matter how willing and enthusiastic an expert may be. the 
reality of the time and conunitment may negatively impact participatioiL Finally, the developer will spend a 
great deal of time post-processing the knowledge alter it is acquired. The developer must evaluate the 
knowledge acquisition method with respect to how well it lends itself to post-processing. 
4.2.2. Requirements definhioD for the knowledge acquisition phase 
The objectives outlined for a knowledge acquisition process must be transformed into specific 
requirements for a particular domain. Specific requirements will depend on the objectives for a selected 
design domain. However. Table 4.2 provides some examples of requirements that relate to the general 
objectives outlined in the previous section. 
Table 4.2. Examples of knowledge acquisition requirements 
Objective Requirement 
Obtain essential knowledge Keep and organized record of domain knowledge 
Obtain appropriate knowledge Identify design class and historical examples within class 
Identify exactly what knowledge is needed prior to each session 
Verify knowledge using an independent 
Utilize efBcient methods Method must take less thanx amount of time per session 
Method must taker number of experts, at most 
The expert must agree to participate in the session 
The experts must be provided with a pre-session form e.xplaining the 
goals and procedures of the session. 
The expert must be given written feedback within x number of days 
The expert must validate all knowledge acquired 
4.2.3. Function analysis during knowledge acquisition 
The next step, fimction analysis, requires the developer to examine the elements and relationships 
within and between the knowledge sources and then use the sources to obtain the required knowledge. This 
requires consideration of the knowledge acquisition methods available and their appropriateness to the 
required knowledge and domairt 
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The first step in obtaining the necessary knowledge is to determine a top-level design process fimcdon 
diagram. This is done by identifying the problem solving tasks reqiured to achieve a typical design in the 
domain of interest The engineer can work with experts and examine relevant domain documents and text to 
find the required steps. It should be noted that the order of steps is not important at first It is more important 
to obtain a complete list of tasks and activities. A suggested technique is to research the domain using 
multiple sources to discover the design processes. Then write all of the tasks and activities on index card so 
they are easily sorted and rearranged. Once this is complete, the developer together with the experts lays out 
a credible design process including only top-level design activities. This is done by placing the index cards 
on a large sheet of paper or over a large table. Once the experts are satisfied that the necessary tasks are 
included in a reasonable order, the relationships between the are indicated by drawing arrows. The next 
step is to identify required input and output for each task and list these on the layout Next calculation 
techniques or design rules are added for the main design steps. Finally, the known design trade-of& are 
identified on the layout The developer will plan to add additional information and details to this chart during 
the remainder of the knowledge acquisition process. It should be noted that the diagrams represent an 
acceptable design process for the given domaia Different experts might proceed in sli^dy different ways 
due to the iterative nature of design and the current lack of an engineering design methodology. 
Each of the steps delineated in the top-level diagram will be expanded upon in sub-diagrams where 
additional details are included in a similar fashion as in the top-level process. The resulting design process 
function diagrams will represent the content and procedural knowledge at various levels of abstraction. 
The fimcdon analysis diagrams can be used to develop the detailed knowledge acquisition process, 
identify appropriate knowledge acquisition methods, and add detail to the knowledge-based design tool. The 
task breakdown provides a natural means to organize incoming information and knowledge. 
4.2.4. Establishing alternatives 
In order for the developer to have a clear and unbiased picture of the domain, many information and 
knowledge sources should be queried and ^propriate and diverse knowledge acquisitions should be 
employed. The results should be assimilated, restructured, and presented to domain experts as an integrated 
knowledge package. In this step the developer is performing at the synthesis level of cognition. 
M^y of the different acquisition methods are described in appendix B. These should be examined for 
appropriateness for the domain under investigation. There are some guidelines to consider when selecting 
knowledge acquisition methods. 
• The method should be simple. The objective is to discover information as quickly and easily as possible. 
• The method should use time efficiently and effectively. The efBciency of the selected methods directly 
impacts the amount of time, as well as energy and financial resources required to develop the knowledge 
base. 
50 
• The method should require no special stimuli or materials. Instructions should be straight forward and 
the supplies and materials provided to the expert should not be unusuaL 
• The method should be flexible and easily adapted to the persons and the problems. 
• The method should be appropriate for the type of knowledge that is sought 
• The method should reflect the typical tasks encountered by the expert. If the task departs from the 
expert's typical experiences too much it becomes artiScial and wiU lead to an inappropriate model of the 
domain. There should be no interest in capturing reasoning and &cts about tackt that never occur. 
• The method should lend itself to subsequent analysis. The developer will spend a great deal of time post­
processing the information gleaned during the acquisition procedure. Thus, keeping the procedure 
organized and structured to the extent possible will save time downstream. 
• The method should provide for knowledge validation and verification. The knowledge should be 
relevant as well as important Importance may be established by examining how early the experts use it 
There should also be some means to establish that the knowledge base is complete. 
There are also several questions that the developer should consider when identifying appropriate 
knowledge acquisition methods [ 14]. 
• How many domain experts are needed? 
• What skills or expertise are required? 
• How much time is available to work with the domain experts? 
• What kind of information or knowledge is required? 
4.2.5. Evaluation of design knowledge 
It is critical that the developer communicate with the experts during the knowledge acquisition steps 
since the developer will not have the level of experience to make judgments about the information and its 
undeilying structure. During evaluation the experts must determine the quality and completeness of the 
knowledge based on a set of criteria. Establishing the criteria may require stepping back to the requirements 
step and restating the requirements in terms of criteria. The developer together with the experts should also 
assess the quality and appropriateness of the knowledge resources and methods employed to acquire the 
knowledge so that as the system is expanded the knowledge acquisition can become more efBcient 
The knowledge acquisition phase requires extensive testing for reliability and validity. Reliability 
refers to the probability that if an event or observation is repeated the same result would be obtained. Validity 
is concerned with the extent of correspondence between the obtained knowledge and reality or &CL 
Reliability is a necessary but not sufBcient condition for validity. 
There are five procedures related to this research to test validity. The first is called selection validity. 
For the purposes of this research this refers to identifying who has the knowledge and is willing to share it 
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The second type of test is for face validity, which is concerned with the assumption that the index actually 
represents the reality that the expert system is designed to model. Third, concurrence validity is concerned 
with the fundamental assumption that a true indicator of some property is found if it correlates with some 
other indicator. For example, an expert may describe the heat transfer characteristics of a circuit board that 
can be correlated with the output of a finite element analysis. Thus, a concurrence test compares information 
from two different sources or methods. Fourth, predictive validity refers to how well the current knowledge 
predicts future behavior. The fifth type of validation, called construct validation, is concerned with 
examining internal logical relationships. 
Individuals filter reality based on their views of the world and their experiences from which they have 
developed mental models and personal values. One could attempt to define bias by using words like skewed, 
slanted, or prejudiced, but these are all relative terms that require some point of reference. Most decisions are 
simply value judgments that are biased to the decision-maker's value system. 
So what is bias, and why is it an important consideration? Bias can be classified as task bias or 
conceptual bias. The type of responses required can introduce biases into a situation. If the expert is asked to 
articulate rules or probabilities concerning an event, but does not think about the event explicitly in that 
manner, task bias may surface. Task bias may also result from the use of complicated or inappropriate 
response modes. 
There are two perspectives from which to describe conceptual bias. The first perspective is from the 
realm of psychology or sociology and is based on what the expert actually knows or does. Bias, from this 
perspective is termed motivational bias and is occurs when the expert consciously or unconsciously makes 
accommodations to please the interviewer. This type of bias originates from humans' need for approval. The 
second perspective stems from the domains of statistics and decision analysis. Cognitive bias occurs when 
the expert's knowledge does not follow the rules or standards set forth in the domain or when the knowledge 
does not agree with what can be observed or measured. The source of cognitive bias is the limitations 
imposed on human information processing. There are many tasks which the expert may be requested to 
perform where biases are more likely to influence the results. First, when the expert is asked to formulate an 
hypothesis or provide alternative solutions, in many cases the expert will fail to discuss all of the alternatives 
completely. The options provided may be filtered by the expert to include only those experience dictates are 
likely. When hypotheses or solutions are required it is advantageous to solicit information from multiple 
experts. 
A second situation where biases are prevalent is when experts are asked about decision rules. In this 
case the expert may be likely to rely too much on one or two factors. For example, success may be attributed 
to skill and failure to bad luck. Experts may also identify relationships between factors that do not actually 
exist Experts may also rely on information that is concrete and consistent even if abstract information is 
more relevant. 
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A third task that is very susceptible to bias concerns the assessment of uncertainty. Most individuals 
are not good at assigning probabilides. They lack the depth of understanding of important statistics principles 
that underlie probability theory. Individuals are more likely to over estimate the likelihood of an event or 
outcome, especially if the event has occurred previously. In some cases the expert may overestimate the 
likelihood of an event when an unexpected number of other events have just occurred, this is known as 
gambler's fallacy. 
Any bias, real or perceived, can significantly impact the quality and/or the credibility of an expert 
system and therefore needs to be addressed, monitored, controlled, and analyzed using scientifically designed 
methods. Types of conceptual biases can be categorized under two main categories: cognitive biases and 
motivational biases. Cognitive biases include anchoring bias, inconsistency bias, consistency bias, 
representativeness bias, internal coherence bias, and availability bias. Motivational bias includes social 
pressure bias, misinterpretation bias, and misrepresentation bias. Each of these will be discussed. 
Anchoring bias refers to the limits to how much information the human mind can process at one time. 
This results in a human tendency to take shortcuts to solve difficult problems. An example of anchoring bias 
is that after an individual has reached a solution it is unlikely that contradictory information will be 
appropriately considered. Anchoring bias should be suspected when an expert receives additional information 
from other sources but would not alter previous conclusions. It is most likely to occur when social pressure is 
not prevalent 
Inconsistency bias is the most common type of bias and refers to limits to memory capacity. Seven 
items is about maximum, above this humans become inconsistent problem solvers. As experts become more 
familiar with a response mode they may demonstrate inconsistencies in responses in comparison to earlier 
responses. Additionally, as the expert's knowledge evolves inconsistency between previous and later 
responses may be detected since remembering and forgetting play a role. Recent experiences are usually 
remembered more easily. Fatigue is also a condition that leads to inconsistent responses. If scales are used 
experts may begin use the extremes on the scale more frequentiy as they become tired. Complex elicitation 
sessions should be kept short and knowledge should be reviewed periodically to minimize inconsistency. 
Consistency bias refers to the likelihood that small amounts of consistent data are often preferred to 
larger amounts of inconsistent data. This may be especially true in situations where there isn't much feedback 
about results. Individuals may pursue information that is biased toward their preference for consistency rather 
than explore inconsistent data. 
Representative bias refers to the likelihood that experts will judge events or risks based on how 
familiar they are with them. If objective information is ignored in favor of stereotypical information this type 
of bias should be suspected. 
Internal coherence bias refers to human tendency to prefer information that is consistent with their 
own beliefs, experience, or values. Experts may not consider evidence or information outside their own 
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experience. This bias may be indicated when experts continue to predict the same outcome even when it is 
not validated by historical evidence. 
Availability bias concerns the issue that some data is easier to recall. Recent experiences or very 
memorable experiences may be reported more easily. Familiarity, and saliency may also influence which 
events are recalled. Persons will also tend to prefer concrete information to abstract ideas. Easily recalled 
items are often judged more likely, even though in reality they may be quite rare. This type of bias may be 
evident in situations where experts fail cite more than one or two considerations when giving answers. This 
indicates that they probably only gave the easily remembered information which may relate to extreme, or 
recent experiences. This type of bias occurs most frequently in personal interviews. 
Social pressure bias applies to situations when experts change their thought processes or solutions to 
accommodate others. This can be attributed to human need for acceptance. Additionally, humans are not 
generally aware of how they make decisions and are not eager to admit that. Social pressure biases are not 
particular to any knowledge acquisition technique. Rather, these biases are a function of who the experts are 
and if they have anything to gain by providing biased information. This bias can be somewhat avoided if the 
experts are not asked to explain their reasoning. Using multiple experts may also mitigate it somewhat. 
There are several instances of social pressure bias. In a group setting, group thinking can affect what 
an individual says. This type of bias should be suspected if no one voices a difference of opinion or when one 
or two people dominate the discussion. Wishful thinking occurs when the expert perceives there is something 
more to gain if a certain response is given or when hopes influence experts' responses. This type of bias is 
indicated when persons provide answers without giving them much thought. In some cases it may be possible 
to predict situations where persons have something to gain from certain responses. Finally, impression bias 
refers to the situations where the expert may be concerned about how others who are not present may react. 
Impression bias can play a role in written elicitation techniques where there is a permanent record of the 
expert's responses. 
Misinterpretation bias occurs when the interviewer tries to interpret the expert's account in a way that 
fits within the interviewer's mental models of the world. Misrepresentation bias occurs which experts have 
difficulty expressing their knowledge using the requested response mode. This type of bias can also occur if 
ineffective representation schemes are selected for the knowledge. Since these types of bias occur when the 
methods of elicitation and representation change the expert's answers, it is frequendy prevalent when 
complex response modes are used or when experts have trouble fitting their responses to a particular 
response mode. These biases are more likely if the representation of knowledge is done from the developer's 
point of view rather than the expert's. 
Different strategies can be employed to deal with the various types of bias. In many cases, the 
existence of one type of bias precludes the existence of another. Dealing with bias is a challenge because bias 
can be difficult to detect. There aren't usually correct answers with which to compare the expert's 
knowledge. Additionally, knowledge is dynamic and changes with time. In order to coimter bias, first one 
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must be aware it exists. It is usually easier to deal with bias during the knowledge acquisidon process rather 
than to try to mathemadcally compensate for it afterwards. Understanding the types of bias and knowing 
when they are likely to occur will help the developer deal with it Whenever possible, elicitauon strategies 
should be designed to minimize the likelihood of bias. It may also help to educate the experts about the types 
of bias they may exhibit 
Group methods and inputs from multiple experts can help minimize the effects of anchoring. It is also 
possible to first ask the expert to provide opposite or extreme viewpoints that do not reflect their own. In 
doing this, the expert may be more open to incorporate other ideas in their own description. Inconsistency 
can be dealt with at the beginning of a session by reviewing the questions, topics, and assumptions with the 
expert This helps the expert focus and promotes consistent responses. Varying the types of response modes 
employed can assist in identification of inconsistencies. Additionally, it will be easier to identify which types 
of response modes are more natural to the expert Structuring questions so that information flows from 
general to specific can help counter availability bias by allowing the expert to consider many details of the 
overall picture. Group methods can also be used to counter availability bias. Hearing other responses helps 
the expert recall more details. Visual cues may also serve as recall mechanisms. 
Prevention of group think can be attempted by minimizing precipitating factors and by stopping the 
elicitauon process when it is suspected. If a dominant personality exists in the group, that person may be 
asked to provide the last viewpoint that the others can solidify their own reasoning first. Wishful thinking can 
be dealt with by requesting that the expert explain their answers in detail which will help determine whether 
they are objective. Using appropriate representation techniques is the best way to conquer misinterpretation 
or misrepresentation biases. 
In some circumstance, the developer can also minimize the effects of bias by combining the responses 
of several experts. Weighted combination is often necessary to even out differences in technical skill. 
4 .^6. Knowledge acquisition to improve design or add design details 
A natural side effect of the knowledge acquisition is the obtainment of information beyond the scope 
of what is needed to address the objectives of the design issue at hand. This information can be used to add 
more features to the design tool once the original objectives have been met Thus, the developer should not 
discard superfluous information, but rather make record of its potential use and file it accordingly. 
43. Knowledge Acquisition in Aircraft Wing Design: Implementation of the Engineering Design 
Process 
The knowledge acquisition process can be quite formidable and requires planning and coordination. 
This is especially true when developers are working with practicing engineers in industry. There are many 
knowledge acquisition methods described in appendix B, and not all are appropriate for every development 
effort. 
55 
The whole knowledge acquisidon process became very iterative in nature. The types of knowledge 
needed and the tools required were added to the knowledge base by the developer as the process evolved. It 
became very clear that the developer must work firom the bottom of Bloom's taxonomy and proceed to higher 
levels as the knowledge acquisidon process continues. 
Despite the promises held by the application of the design process to knowledge acquisition, it was 
the least formalized research area included in this effort The following brief description illustrates what was 
done, however, there is a signiHcant amount of research still required to prove the extent to which the design 
process may actually make knowledge acquisition more systematic. 
43.1. Defining knowledge acquisition objectives 
As discussed earlier, knowledge acquisition objectives must be considered from two perspectives. 
First, one must consider what knowledge is required. Second, one must consider what types of knowledge 
acquisition methods are appropriate for the given domain. Neither of these sets of objectives should be 
neglected. 
43.1.1. Domain knowledge objectives 
The first set of objectives concerning the actual domain knowledge began with the initial domain 
survey. At this stage it was decided to focus on the wing weight predictions for commercial jet aircraft. Once 
this objective was identified, the knowledge requirements became more focused. It is now necessary to 
examine what kind of information the designer needs, in what format it is needed, and when in the design 
process it is used. The function analysis that was done during domain investigation also provided guidelines 
that helped to draft the objectives shown in Fig. 4.4, which are meant to provide focus to the knowledge 
acquisition process so that complete, accurate and relevant domain understanding is efficientiy gained. 
The top-level knowledge acquisition objective is to gain a comprehensive understanding of the design 
domain under consideration. This requires that the developer learn what knowledge and tools are needed, 
where the developer locates the knowledge, what format the expert prefers to obtain the knowledge, and 
when the designer uses the knowledge in the design process. ICnowledge acquisition objectives for an EDT 
can be divided into objectives related to the procurement of domain knowledge and objectives related to the 
gaining an understanding of the tools the designer uses in the design process. 
Within the first category the developer obtained specific domain information including wing design 
vocabulary and definitions, the kind of format in which the designer prefers to receive information, the 
details of the wing domain, the knowledge resources the wing designer uses, and identification of the domain 
experts. As part of this task the developer had to work with the domain experts to define exactiy what is 
included in the preliminary design of aircraft wings. In this same category the develop>er also obtained design 
rules, stories, and trade-offs, as well as the decision rationale the designer employs to design a minimum 
weight wing. In this same category the developer also obtained knowledge concerning the design of the wing 
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Figure 4.4. Knowledge acquisition objectives 
itself as well as the design process. The developer worked with the experts to define the parameters relevant 
to preliminary design, the equations the experts use. and \iiiat the design specification for an aircraft mission 
contains. Defining the design fimctions will also lead the developer to the identification of wing design 
criteria. The last major sub-category of objectives under the acquisition of domain knowledge is the 
acquisition of knowledge pertaining to design systems and subsystems including a product breakdown and 
the identification of design alternatives. 
The second category of objectives related to domain understanding concerns the objective of 
ascertaining information regarding the tools and computational methods the designer uses. In aircraft design 
this includes identification of appropriate prediction models. As part of this category the developer had to 
riigringiiish between and acquire input and output rfata Additionally, the knowledge relevant to the use of the 
design tools and computational methods had to be obtained. 
4.3.1.2. Objectives for the knowledge acquisition methods 
The second set of objectives relating to the actual knowledge acquisition methods employed required 
that the developer gain a clear sense of the domain environment, personalities of the experts, sources and 
types of knowledge. When working with practicing engineers, it was difficult to apply many of the methods 
suggested in appendix B. Additionally, many of these methods require that the developer become a domain 
expert so that proper planning and execution can be done. 
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The objectives tree for the knowledge acquisition methods for the wing design domain is shown in 
Fig. 4.5. The overall objective was that the methods be appropriate for the domain and the type of knowledge 
sought The first sub-objective was that the methods be simple to plan and execute. The developer 
determined that due to severe schedule constraints and the limited availability of the experts that the selected 
methods must be quick to execute. This meant that the actual time required with the expert was minimized. 
Quick methods typically require much more preparation on the developer's part 
Simple Quick 
Content Flexible Execution E.xecution Planning Number of 
Experts 
Information from Expert 
Appropriate 
Figure 4.S. Knowledge acquisition methods objectives 
The final sub-objective focused on the efSciency of the proposed methods. The developer needed to 
be certain that the methods would provide the most content for the least investment of time and resources. 
This requires a good understanding of what knowledge sources are available and which methods are most 
suitable to draw knowledge firom them. Methods should be flexible enough to be adapted to the situation at 
hand. Interviewing was utilized to a large degree because of its flexibility. The last objective related to this 
category concerns the commitment and availability of experts. Some methods require more than one expert 
be available at a given time. This was extremely difficult to cotmt on since the experts were very busy and 
not always local. 
4.3.2. Determining knowledge requirements and knowledge acquisition requirements 
Determination of the knowledge requirements is also divided into the requirements pertaining to the 
actual knowledge and the requirements of the knowledge acquisition methods employed. The knowledge 
requirements were laid out only in general terms. The developer and domain experts would concentrate on 
developing only rules, knowledge, and models pertinent to preliminary design. Knowledge relating to details 
beyond this phase was not gathered or kept The primary requirements designated for the acquisition methods 
related to length. The initial knowledge acquisition phase was limited to one montL Subsequent knowledge 
acquisition would be done in conjimction with tool development The second requirement was that methods 
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used to elicit knowledge from experts would take not longer than four hours of blocked time. Other 
requirements for knowledge acquisition were not explicitly defined. 
4.J.3. Function analysis 
The function analysis related to the knowledge acquisition activities was limited to identifying the 
knowledge and tool resources that were requiied to fill in the design process outlined in the domain 
investigation. 
4.3.4. Alternative knowledge types, resources, and knowledge acquisition methods 
The efibit directed at this activity for the wing domain study was to review what sources of 
information and knowledge were available and determine which would be used and how. Most of the 
knowledge acquisition was done using books, documents, and tutorials made available from domain experts. 
These sources were used to gather and organize the necessary knowledge. 
The approach taken was to skim through the available information sources to get a general sense of 
the domain. Since the developer was not a domain expert, only knowledge and comprehension level 
information could be successfully assimilated. The goal was to gather enough background so that the domain 
investigation could proceed. 
During the domain investigation various types of required knowledge and tools began to be identified. 
One of the bigger challenges was to remain focused on the preliminary stage of design. At this phase the 
designers rely on historical models and simplified calculations. The aircraft industry is one of the more 
advanced design domains and relies heavily on detailed design and design optimization. Many of the tools 
and modeling methods that are employed are inappropriate for early desigiL Other knowledge required at this 
stage related to ballpark estimates for parameters and the reasoning behind their selection. Designers often 
refer to charts and drawings when making decisions. These were also gathered for eventual incorporation 
into the lEDT. 
All of the resources were revisited once the functional analysis of the domain was completed. At this 
point the developer had a better understanding of the domain and could operate at a higher level of cognition. 
It was possible to use design knowledge, develop design models, and explore the design domain to create 
new designs. 
The knowledge acquisition methods were kept very simple. They consisted of utilizing written works, 
the Internet and informal interviewing methods. Group brainstorming was used in a few cases, but it was 
difBcult to find time to get experts together. 
4.3.5. Evaluation of knowledge 
The experts were interviewed informally to validate the knowledge, explain various issues, expand on 
some of the areas, and organized the body. One of the most effective methods employed to help organize the 
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domain knowledge was to perform a variation of a card sort where the expert was asked to organize the 
knowledge matter in a convenient fashion for the preliminary design of the aircraft wing. Many of the Hetailc 
were added to the lEDT directly as the experts reviewed the tool itself. The overall approach worked for this 
domain because it is a well-documented and established design area. 
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5. APPLICATION OF THE ENGINEERING DESIGN PROCESS TO lEDT DEVELOPMENT 
5.L Background 
This chapter will describe how the engineering design process can be used to develop a systematic, 
domain-independent approach to an integrated engineering design tool (lEDT) that incorporates engineering 
design Icnowledge with prediction models and computation tools. An lEDT developed for a particular design 
domain embodies the knowledge and processes relevant to the domain. Although the general processes and 
concepts can be used, these are customized tools for use in specific settings with a specific user group in 
mind. Content and context issues must be considered. Content issues are influenced by the needs of the 
potential design tool users. The availability and interest level of appropriate domain experts will also be 
importauL Context refers to the environment in which the design tool will operate. Contextual issues include 
application parameters, potential design tool uses, resource constraints, deadlines, and management 
commitment, and organizational expectations. In industrial settings contextual issues can become quite 
complex. 
Improving software capabilities should be a priority for any industry, including engineering 
organizations that rely on computers. Management support and long-term commitment are key to the 
successfid implementation of lEDTs. The development of an EEDT will require extra work on top of already 
busy schedules. The work may include supplying knowledge and expertise or using new tools. If any 
potential participants feel that the lEDT or the development projea associated with it will have adverse 
effects on their job performance this could breed resentment which could ultimately lead to the project's 
failure. If increased awareness and education does not help, such individuals should be excused from 
participation. Addressing this problem requires motivation fix>m management One possible alternative is to 
identify experts who would trade some responsibilities in exchange for these duties. Publicity regarding 
examples of projea success can also provide motivation. Properly fimding and resourcing a projea is also 
key to its success. There are many philosophical issues that must be addressed prior to the commencement of 
a development project First why is a computer EDT being considered? Answers may include any or all of 
the following; to improve the quality of the designs, to improve an organization's competitive position, to 
improve productivity, to shorten design cycle times, to compete for larger projects and so otL These should 
be prioritized. Second, who will be the users and will they be forced to use it or is use optional. Third, the 
probable sources of resistance need to be identified. 
In any proposed development projea it is important to set realistic goals and have realistic 
expectations regarding the requirements to successfully complete the task. Software development is a very 
large job. Historically, less than one percent of software projects is completed on time, within budget and 
meeting user needs. The user's needs for the software must be clearly stated in advance. The developer needs 
to make it clear if the requirements are too ambitious or the price is too optimistic. 
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This chapter will describe issues and consideradons in the development of an lEDT. It is meant only 
to serve as a guide. It is naive to propose that explicit, quantitative standards will generally apply to all DEDT 
projects. Specific objectives, requirements, and criteria must be established for each case within each domain 
by considering the purpose of the lEDT, its complexity, the theory and methods upon which it is based, and 
the consequences of erroneous results going unrecognized. 
5J2. Mapping the lEDT to Bloom's Taxonomy 
Since engineering design is a cognitive process, mapping to the taxonomy developed by Bloom, it 
follows that a tool designed to assist the designer must incorporate tools that address the different levels of 
cognition at which the designer must function. This section will describe how these are met by oudining 
some of the typical features that might be included. 
At the lowest level, the knowledge level, the lEDT can present the user with low level knowledge and 
informadon such as comments, graphs, or look-up tables. Other ways in which the tool may address this level 
are by using familiar domain terms or symbols; and by providing the user with expected units and clear 
instructions. 
At the next level the BDET must incorporate expert knowledge to help the user select reasonable input. 
The tool may also provide explanatory cotimients to help the user understand how to use the design aids or 
help the user interpret the results. 
This tool may also contain features that address the application level. The tool may utilize historical 
trends and statistics to help the user and it may perform simple calculations. More complicated analysis 
features can be incorporated by including sophisticated modeling tools like neural networks or finite element 
analysis. The analysis level may also include tools like parameter sensitivity analysis or optimization. 
The preceding levels are all in support of the goals that the lEDT ultimately addresses: design 
synthesis and evaluation. The user will utilize any and all of the design support features including the 
knowledge, historical trends, sensitivity study results, and optimization procedures to assist in the creation of 
new design configurations. The synthesis capabilities might also provide the user with other design 
considerations in line with concurrent engineering principles. Finally, the tool should incorporate means to 
assist the user in assessing the quality of the results provided by the tool. This might include historical 
comparisons, expert opinions, or constraint comparisons to help the user select a design. Finally, the tool 
should include design summaries in the form of reports or other documentation. 
53. Integrated Engmeering Design Tool Development 
The purpose of an integrated engineering design tool is to support the design engineer and provide 
timely, efficient access to knowledge and seamless interface with engineering design tools or models, 
combined with real-time evaluation capabilities and sensitivity analysis. Since the design engineer must 
operate at all levels of Bloom's taxonomy as the design process is accomplished, it follows that a 
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comprehensive design tool would support all of the cognitive levels described by Bloom. The following steps 
provide a method to developing an EEDT in a real world environment. Comprehensive execution of these 
steps will result in a model for a tool that will enhance the early stages of engineering design. 
53.1. Defining integrated engineering design tool design objectives 
There are many tasks that must be accomplished prior to defining specific objectives for an EEDT in a 
give domain. Many of these will be flushed out during the initial domain study as discussed previously. The 
domain experts must identify the phase of the engineering design process where an lEDT would provide the 
most immediate benefit. It will be possible to expand the tool later, but the initial effort should be 
concentrated on a specific, highly focus design task. Embarking on a task that is too big at first increases the 
likelihood that the entire effort will fail, while selecting a small problem from which to build and expand, 
will enhance the chances of early success and renewed enthusiasm for the continuation of the project. The 
key is to understand the bigger picture and develop a framework that can be expanded to include more of the 
domain once early success is achieved. Assuming that the eventual system will be successfiil, the developer 
should plan from the beginning for its continued expansion. This approach has been labeled design by 
measurable objectives, which is defined as the process of incremental delivery of a system based on the order 
of importance of functionality to the user [15]. 
As part of this effort, the types of problems that the tool should be able to handle should be 
designated. There are several questions that an integrated design tool for mechanical engineering design must 
address. First, does the design specification suggest that a previous design can be refined or used, or is a 
completely innovative approach required. Some have argued that true innovation is a result of luck and that 
deliberate design is essentially iterative since designers will always bring past experience to the solution. 
However, in the case of the tool, the requirement for innovative design may simply reflea that the proposed 
design specification is too different from those in the design space on which the tool was built. This question 
is particularly important because without it, the tool could provide erroneous results for any set of input and 
an inexperienced user may not recognize the problem. 
The developer must discover what specific software attributes are important to the user. The main 
objective of an EEDT is that it be a valuable tool providing the designer with efficient access to information 
and computational capability needed to expedite the engineering design process while producing a superior 
design than what would be expected without it. Figure 5.1 illustrates an objective tree developed for a generic 
lEDT. This may be used as a guideline when beginning any new EEDT project and can be tailored to the 
specific needs of a particular domain. In establishing goals it is important that they be consistent with the 
organization's strategic plan. The developer must know the primary goals and expectations of the designer 
working at the identified phase of the design must be identified along with the tools and resources needed. 
The developer must also explore the current capabilities of the organization and identify its future needs. 
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Figure 5.1. Generalized lEDT objectives 
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Establishing lEDT objectives is an iterative process that may continue as the project progresses and new 
discoveries are made relating to what the user wants the tool to be. 
The human issues need to be considered since the success of an lEDT ultin^ely rests on humans. 
Humans must decide how to use the results and will be affected by these decisions. If the initial portion of the 
EDT feils it is likely that any expansion is already doomed. This is why clearly stated objectives are critical 
to eventual success of an lEDT project The proposed tool should be shown explicitly to be of benefit to 
designers and not threatening to their positions. 
5 .^1.1, lEDT objectives 
In support of the primary objective are several layers of objectives divided into four categories: 
quality, productivity, suitability, and cost The first and largest objective is that of quality, which some may 
argue is self-evident Of itselfl quality is hard to measure since it is subjective by nature. However, it is 
possible to define quality in terms of correct and error-fiee performance, fitness for purpose or satisfying 
specifications, correct use of engineering software and so on. Some view quality as related to how much 
effort is required to acquire a specified level of performance. Thus, quality can mean different thingc to 
different organizations or people. The quality objective can be decomposed into sub-objectives. Three that 
are commonly found are performance, reliability, and maintainability. 
Two common performance objectives are usability andfimctionality'. Usability refers to the ability of 
users to employ the software successfully without undue frustration and without firequent references to help. 
The consideration here is how difQcult will it be for a user to learn and use the software, what level of 
domain expertise is necessary, and what level of computer knowledge is required. The software should be 
easy use assuming the user has the appropriate technical background. Difficult time-consuming software is 
usually not useful to a user and is quickly discarded in preference to other more usefiil tools. The system 
should be smart enough to detect errors and provide relevant feedback to users as required. One of the 
biggest problems is when results are not obviously incorrect In this case the results may not be recognized as 
wrong. This is especially important to the novice designer who may not have the experience of judgment to 
evaluate the results produced by the DEDT. It is also important that the tool disclose its design domain 
limitations so that it is evident to the user where the tool is appropriately used. There is often an assumption 
that the ouq}ut firom a computer is correct and this may not be the case if the software is used beyond its 
capabilities. In an engineering design application it is also desirable that software be readily adaptable since 
technology changes at a r^id pace. This can mean that alterations to current software are easy, or that it is 
possible to expand the software beyond its current limits. Adaptability may also require that the software 
interact with new packages unforeseen during the development period. Engineers use several types of 
software applications and in some cases it may make sense to tie them together. The lEDT environment 
should have a reliable, seamless, and transparent software inter&ce for information transfer. If the user wants 
to expand the capabilities of the EEDT to include additional engineering software packages, the task should 
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be easy and strai^tforcvard. Another goaL with respect to this objective, is that all software required to makf! 
practical use of the lEDT be easily integrated via firiendly interfaces. 
The final objective under usability is that the software has a good user inter&ce. This objective deals 
with the physical inter&ce used to communicate with the software as well as the degree to which the 
interaction between the system and the user functions effectively. Objectives pertaining to the user inter&ce 
include that it be as simple as possible. One needs to be carefiil with this objective so that it is not interpreted 
as mandating oversimplification. The level should be commensurate with the probable user. The inter&ce 
should also be consistent across modules and functional areas of the software. If the inter&ce changes, it may 
become confusing to the user whose productivi^ will ultimately suffer. The format of the inter&ce should 
look familiar to the user. Domain vocabulary and symbols, as well as appropriate formats should be used. 
The inter&ce should also provide as much flexibility in the type or format of communication as possible. In 
technical fields there are times when graphical displays or drawings are superior to numerical data in 
presenting informatioa The user inter&ce should also be designed in a logical manner with respea to the 
application domaia This implies that users input information in a logical order, receive help at logical times, 
and are presented with results in a logical format. Finally, the user should find the inter&ce to be convenient 
so that the novice user can receive as much help as necessary, where a more advanced user can proceed 
without the interruption of an ambitious help scheme. Implied here is that the interface can receive input and 
produce output in an acceptable format that is convenient to the user. 
Aside fiijm usability, fimctionality is the other category under performance. Functiooality refers to the 
abili^ to solve specific classes of problems using methods and knowledge appropriate to the domain. If the 
domain requires considerable computation and numerical calculations then a strictly knowledge-based shell 
will be ciunbersome and may be more appropriately considered as support software. However, if the main 
tasks rely solely on engineering knowledge such a shell may be an ideal choice. The developer must consider 
the necessary sophistication of the proposed software system. Functionality implies that the results produces 
be accurate, safe, and economical. Timely feedback regarding errors should be available. In addition to 
accuracy, the software solution should be complete with respect to the design specifications. 
The second objective within quality is reliability. This implies that the system can solve the design 
problem without crashing. It also implies that the system will woiic the same way every time. 
The last objective within quality is maintainability. This objective implies the ease with which the 
software may be updated or fixed. This includes the ability for new information to be included or obsolete 
information to be discarded. Studies have found that computer software has a life of between two to five 
years even though many programs are based on ftmdamental theories that haven't change [16]. When 
changes are made it is critical that the integrated tools remain compatible. The developer should consider the 
ease with which the domain experts can adapt or expand the tool as their experience broadens or as more 
designs need to be incorporated. Often lEDT systems are developed based on the knowledge and experience 
of only one or two experts in the domaiiL There may be a great deal of variation in how different experts 
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approach or think about a problem. Additionally, the same expert may change his solution methods over time 
as more experience is gained. It is advantageous for individual users to tailor the EEDT to their specific needs 
and expertise and the lEDT developer should strive to accommodate this capability. The important logic used 
to constmct the system should be traceable. Since there is typically an enormous number of logic paths 
within softw^. tracing each of them is difBcult or impossible. However, the main paths should be 
thoroughly checked. A maintainable system should also keep pace with technology. Finally, the system 
should be portable. 
The next major sub-objective considers the productivity of the EDT. EfBciency and effectiveness are 
the main objectives. Efficiency refers to doing things right where effectiveness refers to doing the right 
things. An ef5cient system should provide results easier, more quickly, and with fewer resources than the 
other tools available to the engineer so that the engineer is better off using it than not. Under the efficiency 
heading are two objectives. The modularity objective may refer to two separate issues. The first has to do 
with the efficiency of expanding or changing the lEDT. Modular construction permits these to be 
accomplished more readily. The second issue has to do with the efficiency with which the user may obtain 
results. In some cases the user may only reqiiire the use of part of the EEDT and should be allowed to isolate 
that part without working through the entire problem. With modularity must come coherence. This objective 
calls for the modules and fimctional parts of the system to be put together logically. 
Within productivity is also the matter of effectiveness. As implied before this means that the tool does 
the right things and accesses the right information to solve the design problem. Under this objective is the 
goal of flexibility. The EEDT must be flexible so that different users can approach tool utilization in a manner 
that suits their needs and expertise level. Thus, the tool should afford the user with an ^propriate amount of 
guidance and design support without imposing unnecessary* informatiotL The user should also be allowed to 
utilize the tool at the level that is needed for the projea at hand without requiring additional overhead. 
Allowing the user alternative approaches for achieving the same goals has been termed multiple level entry* 
[17]. Users at different experience levels will have different goals when using an lEDT. Flexibility permits 
users at various experience levels to selea tool options to accomplish diSerent goals. Seidel [18] points out 
that the more familiar a user becomes with software, the better the will be at employing it for complex 
sophisticated activities. Productivity also requires that the tool use familiar methods, design knowledge and 
information, and software. Utilization of software a user already knows and even owns has advantages. The 
users already understand the basics of its operation. Cost of implementation will also be reduced, which is 
always fevorable fi'om management's point of view. 
The next major sub-objective concerning the value of the design tool is its suitability. This objective 
deals with three issues; the user's level of experience, the operating system, and the potential impaa on the 
engineering organization. The novice user may include occasional and casual users as well as inexperienced 
engineering designers. This class of user will require step by step procedures and thorough guidelines. An 
expert refers to a user who is both an experienced designer and a firequent user of the software. EEDT 
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systems may be designed with either or both groups in mind. In any case, the developer must be aware of the 
assumptions made relating to the level of design knowledge and experience the users will have. 
Suitability also includes the objective of developing the lEDT on an aiqnxipriate computer platform. 
The lEDT needs to be able to operate in the user's computing system. If some or all of the software requires 
conversion, the cost of doing so must be considered. 
The developer needs to consider the organization's total software environment and future plans. The 
central question is how will the lEDT meet goals in the organization's strategic plan. The decision to develop 
an lEDT will impact the organization. One simple measure of impact is the number of people who will be 
directly affected. Even those who are not direcdy affected may be impacted by it For example, projea 
managers may not use CAD packages, but will realize benefits due to its use in the organization. Another 
consideration is the degree to which schedules, woiidlow paths, goals, or procedures may need to change as a 
result of the OEDT, in other words how will performance be afiected. In the same manner the organization 
needs to look at what duties or staffing will be added in support of the lEDT as well as what will be replaced 
by it The developer must also consider the risk to the organization. If the organization is familiar with 
complex engineering computational tools, it will be much easier to introduce a new. complex system. Finally, 
the impact of an EEDT will depend on how well it fits in with the organization's strategic plan and how well 
that is communicated to the users. Lack of an organization-wide plan can easily result in incompatible 
software systems. Additional issues the organization must consider include the level of training and the 
amount of security required. The developer together with domain experts must determine how well prepared 
the organization is for an lEDT. 
The final goal concerns the cost of developing and maintaining the system and how those costs may 
be recovered. One common measure of cost is a cost-benefit ratio, the estimate of the potential expected 
benefit is often measured in terms of worker productivity. This measure was used in the 1980s by companies 
in the service indus&y that spent an average of $9,000 per employee on computer tools. The industry 
estimated that despite the rather significant investment the increase in productivity was only about 0.02 
percent [18]. Even when considering that the measures of productivity in the service industry are subjective, 
these results were surprising and subsequently labeled the productivity paradox. According to a smdy in US 
New and World Report [19], the productivity of white-collar workers remained flat despite increasing 
investment in computer equipment Two reasons for this paradox are put forth by Seidel and Perez [18]. 
First, computer tools by themselves will not impaa productivity. The users must be properly educated and 
trained to use the tools efficiently. Therefore, its actually how tools are used that impacts productivity. 
Workers must utilize the tools effectively and not just to automate manual processes. Second, there is often a 
lack of planning in the acquisition of computer resources. Historically, little consideration has been given to 
how the resources should be integrated into the organization to mavimiyft organizational productivity. In 
most industry productivity is more appropriately measured based on worker collaboration rather than 
individual productivity [20] since it is collaborative efforts that make a difference in organizations. This 
6S 
stucfy found little evidence that computers increased work group productivity. If the proposed software will 
only address a narrow problem area it must be considered carefiilly unless the cost can quickly be recovered. 
Software Objectives 
An effective EEDT must be created in a powerful software environment that can reliably handle the 
tasks and computational demands imposed by many engineering design problems. Selecting and developing 
an appropriate software environment is therefore a very important development objective. Figure 2 provides 
an objective tree that can be used as a guide in selecting software. In making choices regarding software, the 
developer must consider the platform where the tool will be used. As part of this decision, the developer 
needs to consider the different software tools currently employed in the design domain under investigation 
and how th^ may be incorporated with the lEDT. Engineers woridng in a particular domain may have a 
great deal of time and other resources invested in software. In such cases it is more likely that the EEDT will 
be an effective tool if it is tied to the packages the engineers have found usefiil. It is unlikely that 
management will support the abandonment of software that there is a large investment in. Especially, if there 
is a large pool of historical data and informadon stored in them. Thus, the choice of platform may be driven 
by current practice in the domain of interest Other deciding Actors are the availability of computer 
equipment and the fimding available for fiiture investments. 
Once the platform is decided, there are other objectives the developer must consider. The software 
environment must provide flexibility to the developer. The developer should look for an environment that 
allows easy access to other software such as databases, programming tools, and other computational 
packages; as well as the internet and its vast resources. The developer also needs to pay attention to the 
amount of flexibility the domain requires in data formats and user inter&ces. Things to consider are how data 
is stored, accessed or manipulated, whether the domain demands graphical or pictorial displays, and the type 
of documentation required. 
The other set of objectives regarding software selection is concerned with usability. Software that is 
presented in a familiar context or shells that are developed in well-known packages should enable the users 
an easier learning curve. From the developer's point of view, the software environment should be easy to 
leam and use so that the developer's efforts can be focused on the application to the domain. Software that is 
easy to leam and use should also provide the developer with a more efBcient development path. It is critical 
that the developer be aware of the options available within the package so that he can use them to full 
advantage in the design domain of interest 
5.3.2. Requirements definition for the EEDT 
Specific criteria and requirements need to be determined on a case-by-case basis by the domain 
experts from the user's point of view. The following considerations will influence these decisions; the 
application domain, the purpose of the software, the necessary complexity of the proposed lEDT, the 
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Figure 5.2. Software objectives 
theoretical basis for the required fiinctions. the level of user experience, and the consequences of incorrect 
results of erroneous decisions. 
Until the technical and functional requirements are clearly defined the domain is not ready to develop 
an lEDT. Requirements should be defined fix)m the user's point of view, although some may pertain more to 
management and the organization. Often requirements will need to be specified incrementally, as they maj-
need to be expanded or altered as the development progresses. 
As mentioned in the chapter entitled. 'Bloom's Taxonomy and Engineering Design', definition of 
requirements definition is directly upon the objectives defined for the design. Thus, one needs to examine the 
established objectives to determine which must be developed into projea requirements which are the features 
that are essential to the EEDT. As was the case with the objectives previously provided, the requirements 
provided in Table 5.1 should be regarded as guidelines and issues for consideration in the development of an 
lEDT for a partiailar domain. Not every requirement discussed will be ^propriate for every domain, and 
some requirements that are appropriate may not be included in the following discussion. Attributes and 
values corresponding to the suggested requirements are domain dependent and must be considered within a 
given domaiiL 
In addition to considering requirements pertaining to the lEDT. the developer must consider 
requirements relating to the domain. Experts and novices will use the tool differently and require different 
featmes and options. 
5.3.3. Function analysis for the lEDT 
The details of fimctional analysis for an EEDT will depend on the particular domain. However, the 
general activities will be similar across domains. This section attempts to review the major considerations in 
functional analysis for the development of an lEDT. There are several activities included in this step; the 
decomposition of the domain to obtain a global perspective of what an EEDT might become, followed by 
discussions and information gathering to establish an initial emphasis, followed by more focused domain 
investigation to establish design processes and identify tools and methods used, followed by a fimctional 
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Table 5.1. EEDT requirements 
Objective Requirement 
Quality 
Performance 
Usability 
Smart 
Feedback 
Error Detection 
Adaptability 
Versatile Interface 
Good User Inter&ce 
Simple 
Consistent 
Familiar 
Flexible 
Logical 
Convenient 
Functionality 
Accurate 
Complete 
Reliability 
Maintainability 
Traceable 
Portable 
Productivity 
Efficiency 
Modular 
Coherent 
Effectiveness 
Flexible 
Familiar 
Suitability 
Cost 
Must provide timely results 
Typic^ user can utilize lEDT with x amount of training 
Re^ts should be useful, timely 
Must contain on-line help, proper documentadon 
Must provide clear directions 
Must provide user with analysis, consequences of final results 
Must provide user with notification of model liniitations 
Must provide guidance appropriate to user's needs 
Must provide input verification, notification of input errors, robustness 
to handle nonstandard input 
Expansion of lEDT should affect minimal amount of code 
EEDT must inter&ce with x software, run executable code, access 
internet, access databases, utilize computational codes, use knowledge-
based systems 
Communication across software should be automatic 
Must have graphics capabilities 
Must run in batch^teractive mode or both 
Must use appropriate formats 
Must require miniinal user input and incorporate appropriate de&ults 
All inter&ces should look similar 
Must use familiar symbols, units, terms 
Must allow user to access needed modules and neglect others 
Must require input in logical sequence appropriate to design domain 
It should be clear how input affea output 
Must have sufficient computational precision. sufBcient precision 
between input and output 
Must include latest technology and computational methods 
Must use computational methods familiar to design 
Must incorporate guidance to make appropriate decisions 
Must provide output required to make decisions in the domain 
Must be validated using baseline examples 
There must be access to all informatioii/data required by the user 
lEDT must woric the same way every time 
Must be tested at x frequency 
All software maintained at same level of compatibility 
Must be a plan for obsolescence 
Must use an internally consistent reasoning strategy 
Must run on x platforms 
lEDT must shorten design cycle by x amount of time 
Must utilize efficient computation algorithms 
Must use a minimimi amount of local storage 
Must rtm/respond in and acceptable amount of time 
Every functional area must be housed in its own module 
Modules must tie together in an order appropriate to the domain 
Reasoning methods must be consistent with those used in domain 
User should be able to use tool at appropriate level 
Programs should work in familiar manner 
Must operate in user's environment 
Must have management support 
Must have adequate fimdin^resources 
Must have cost recovery plan 
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layout of the prototype EEDT. The purpose of each activity is to provide structure and organization to the 
design tool and identify the concepts and knowledge requited to solve the types of problems the tool is 
designed to address. 
5.3.3.1. The big picture 
The first part of the fimctioa analysis will begin very early in the domain investigation prior to 
formalizing the objectives or requirements. The task is to determine what an lEDT for the design domain 
mi^ look like and what modules or fimctions it might require. Figure 5.3 provides a general overview of a 
proposed lEDT for an avionics mechanical design domain. The system was designed as a result of an initial 
design review as described previously in this text The domain was decomposed into fimctional areas and the 
process was roughly traced. The modules are &irly general and would be appropriate for many other 
engineering design domains. Thus, Fig. 5.3 can be used as a guideline for other EDT development projects. 
Diagnosis 
Preliminaiy 
Design 
ME Design 
Consultant 
Manufacturing 
Advisor 
CoUsiteral 
Management 
Standard 
Parts/ 
Components 
Previous 
Design 
Identification 
Program 
Planning/ 
Management 
—I Design 
Figure 5.3. Global perspective of an all-inclusive EDT 
The mechanical engineers in the avionics domain support the thermal and dynamic design of the 
electronics. The mechanical engineers require information firom the electrical engineers which is often 
difficult to obtain in a timely &shion. Therefore, an electrical engineering design module was considered an 
important feature. This is an example of how concurrent engineering principles can become part of the 
overall EDT. 
Since most design is evolutionary, it is essential that engineers have records of previous designs that 
are easy to locate and utilize. This was a significant problem in the avionics domain that was studied. These 
can be used as references or inspiratioiL There is also a module to incorporate expert knowledge that can 
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assist designers in establishing design parameters. Also discussed previously is the notion that the developer 
must select a phase of engineering design in which to concentrate initial efforts. In the big picture there is a 
module built for assisting the preliminaiy design efforts. This was identified as important to the accurate 
preparation of proposals. 
The domain engineers discussed the difBculties regarding the utilization of different engineering 
support tools. One of the common complaints is the lack of inter&cing or compatibility between the various 
tools. The engineers felt that the integration of computational tools would be of tremendous assistance to 
analysis activities and reduce the amount of time and effort required to perform adequate analysis. Design 
optimization, modeling and analysis are all modules that are significant to any comprehensive lEDT. 
A manu&cturing module can be included so that the design evaluation can incorporate these 
considerations. This module would be supported by modules that advise the designer of standard parts or 
components fiequently utilized. The engineers also identified an area of continuous concern. There is a great 
deal of legacy equipment that is technicaUy outdated, but must be supported. The engineers discussed the 
difficulties in supporting the older technologies and agreed that there was another area that would be 
beneficial to include. Related to this is the issue of &ult diagnosis for current designs. All of the design issues 
eventually must be translated to program planning and maxmgement. business issues that depend on the 
technology. 
The lEDT described in Fig. 5.3 is much too ambitious for an initial project As discussed, only a very 
focused effort should be considered for fiiither development The engineers decided that it would be most 
beneficial to pursue the preliminary design module as a proof of concept project 
5 .^3.2. Function analysis on a narrowly scoped project 
The developer, together with the domain experts, need to decide what features the lEDT must have to 
support the design problem within the manageable area specified for initial development The developer can 
work from the design process functional analysis done as part of the domain smdy to determine what 
fimctions the lEDT must have. During that phase of the domain investigation, the developer should have also 
discovered which tools and knowledge the designer uses and begin to develop an idea of how to incorporate 
them. Bloom's taxonomy can serve as a guide in the development of the tool. The developer can begin by 
identifying the required information at the knowledge level and look for aiq)ropriate ways to incorporate that 
into the system. This may be as simple as including units in prompts for input Comments can be used to 
provide sur&ce level information to a potential user in a timely manner. Links to graphics and drawings will 
also provide access to valuable knowledge. However, to be usefiil. the tool must provide assistance to the 
user at higher level of cognition. The tool must provide the user with access to the type of knowledge that 
will provide the user with an understanding of the input parameter and how to select them, it must indicate 
when the user is in violation of assumptions or attempting to input invahd data. The tool will also provide the 
user with the appropriate tools to use to solve the problem in the appropriate order, corresponding to the 
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comprehensioa level of Bloom's taxonomy. The tool may incoqxnate equations and calculations based on 
inputs. If these are stand-alone, they correspond to the application level of Bloom. If the calculation methods 
are complex th^ relate more to the analysis level. Depending on the selected module, the tool may a«ari«3^ the 
user in the assembly of components into a design. Sensitivity analysis and trade-off studies are other built-in 
futures that correspond to the synthesis level. Finally, of special importance to novice users is built-in 
evaluation methods. One common approach is to compare design results to historical reference values or to 
check them against predefined criteria. Any assistance provided to the user in an attempt to guide decisions 
based on the results of the EEDT would Ml into the evaluation level of Bloom's taxonomy. The developer 
must then determine an appropriate model for the lEDT based what the user needs. Domain experts and users 
should be consulted as this process continues. 
5.3.4. Integrated engineering design tool design alternatives 
There are many technologies &om which to chose when selecting methods to address the various 
tasks and issues related to a knowledge-based preliminary design tool. The specific choices will depend on 
the application domain. Whether a tool would be more helpfiil if integrated into the EEDT will depend on the 
level of the designer's experience in the domain and the purposes for which the lEDT is being developed. 
When a designer has previous experience in the domain tools may be needed that assist in the retrieval of 
previous design solutions. Experienced designers will most Likely benefit &om more advanced computational 
tools used for design analysis since experts typically use complex software for a significant portion of their 
work- The assumption here is that the user alreacfy- knows how to perform the tasks for which the tool is 
designed. The purpose of the tool is to permit the user to perform the task more efficiently and more quickly. 
If the designer only has experience in parts of the overall domain, there may be more benefit in selecting 
tools that aid in the assembly of the domain elements or tools that help the user determine an appropriate 
solution plaiL A novice designer in a design domain will not have the same knowledge and skills available to 
an experienced designer who is ^miliar with the domain. Novice designers will require more access to 
domain knowledge and may be less likely to be able to employ sophisticated computational tools with 
success. Tools that assist a novice in the ability to selea paiam^r values, constraints, and design features 
for the design such as access to expert knowledge or databases may be appropriate. In these cases the novice 
may rely on the lEDT to acquire information and knowledge a more experienced designer might already 
have. Novice designers will also require step-by-step procedures. These tools can also be used to assist the 
user in making decisions based on the results provided by the lEDT. Thus, the choices of which tools to 
incorporate and how to utilize those tools depends on the user for which the DEDT is being developed. 
Domain novices are typically operating at the lower levels of cognition according to Bloom's classification 
and therefore require tools that address the corresponding cognitive needs. These users require greater 
assistance in making decisions since they may not be proficient at the tasks for which the lEDT is designed. 
On-line help and extensive guidance must be provided to make up for the user's inexperience. More 
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experienced users will be capable of effectively using tools, like finite element analysis, that address higher 
levels of cognitive abili^. These are important considerations in rfftfining the lEDT. 
The developer must also consider the primary goals for the EEDT when selecting the types of tools to 
incorporate. For example, an lEDT designed to provide preliminary design results may not require tools that 
rely on detailed design data since this data is typically unavailable early in the design process. 
There are also many choices concerning tool layout and implementation. The choices rely on the data 
or knowledge that is required. In engineering domains graphics and drawings are critical to conveying 
information and such capabilities must be considered. Formats should be similar to those used in the given 
design domaiiL 
Evalnation of the lEDT 
The main objectives, historically, for the utilization of computer tools in industry have been 
improving efficiency- and productivity by automating processes and augmenting decision making. Assessing 
the effectiveness of computers at meeting these goals has been difficult The task is further complicated for 
tools that incorporate design and analysis knowledge and tools. This is partially due to the iterative nature of 
the development process, which is often data-driven, causing the objectives and requirements to change as 
the development continues. Therefore, periodic assessment based on requirement specifications is not often 
practical due to the fluid nature of the project This is different than what was typically possible with 
conventional software development where specifications could be well estabUshed at the beginning of the 
project In an lEDT environment evaluation may actually be based more on reverse engineering processes 
where the performance requirements actually evolve &om the working system. An lEDT is also difficult to 
evaluate because its performance is based on the user, the solution process employed by the user, the context 
in which the system is used, and the resources and knowledge available. Thus, it is difficult to separate the 
task from its content In other words, the results depend on how appropriately the tool is utilized to 
accomplish the task. 
Evaluation of software has traditionally been overlooked or undervalued. First there is a prevalent 
notion that a computer system is inherently valuable and that a new system is better than whatever preceded 
it [20]. Second, historically software has seldom been evaluated with respect to the objectives that were 
defined [21]. It is difficult to establish measures by which to evaluate a system with respect to stated 
objectives, especially if the original objectives were not clearly defined. Third, a tool must be evaluated 
within the context of the user. The quality of the tool is greatly dependent on the user's ability to employ it to 
accomplish his goals. Thus, the user-tool interaction is critical to the evaluation of the tool. The evaluation 
must consider how the user actually uses the technology. Fourth, effective evaluation can not be rushed. It 
requires extended evaluation periods to produce meaningfiil assessments. The fiill impact of the lEDT noay 
not be realized in a short period of time [ IT]. There are many administrative, political organizational, and 
individual reasons why an lEDT may not reach its full potential. Use of an EEDT may eventually affect the 
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user's cognitive processes, helping the user ascend to higher levels of Bloom's taxonomy. An lEDT may 
change the v/sy a user approaches the problem and the cognitive processes that the user can employ. 
Effective utilization of an QEDT may allow a novice user to progress up the levels of Bloom's taxonomy 
more quidcly in addition to completing the design cycle more efBciently. Thus, the way in which a user 
employs an lEDT may change over time. There are also two stages at which evaluation should be done. The 
first step is when the lEDT is first assimilated into the domain. At this stage the technology is incorporated 
into the domain without changing the domain. The next step is when the domain changes to accommodate 
the technology. In this stage, the domain is able to exploit the advantages afforded by the lEDT. Thus, 
evaluation over time must consider how the DEDT is being shaped by a domain and how the domain is being 
altered by the lEDT. 
Evaluation can be classified as either simunative or formative. Summative evaluation is done when a 
selection must be made between competing packages. This type of evaluation may be appropriate when the 
domain expert and lEDT developer are seeking to make choices regarding appropriate tool to incorporate 
into the system. This Qpe of evaluation focuses on comparing performance and cost Formative evaluation 
seeks to assess and influence the quality of the process and product as it is developed [23]. The objective of 
formative evaluation is to make sure an application is appropriate for the user's objectives and to be certain 
that necessary improvements are incorporated. Formative evaluation when performed as the project is 
developed will help to ensure that the end produa is usable and effective. Formative evaluation will provide 
management, experts, users, and the developer of the current status of an lEDT development project Within 
this context Seidel and Perez identify objectives for formative evaluation. First it is used to determine 
whether the project is meeting its stated objectives. Second, it is used to determine if the projea can be 
effectively used and what type of improvements will enhance its usability. As part of this npe of evaluation 
users should be surveyed regarding their needs, suggestions, and ideas related to a proposed tool. 
Additionally, the software should be periodically evaluated by a representative sample of potential users. 
Specific evaluation criteria will thus depend on the maturity of the system. The developer must also identify 
the purpose of any evaluation process. Evaluation may be done to establish bow well the tool meets its 
objectives; it may be done to investigate what the tool can do. or how certain users can use it 
The thoroughness of any evaluation depends on the potential consequences of the design decisions 
based on lEDT results. The most severe risk arises fi-om difficulties in identifying results that are not 
blatantly wrong. Ultimately, the human designer bears the responsibilify for the design and no software 
system should be the sole source for engineering decisions. One must always bear in mind that software is 
only a tool. 
Aside fiom tool evaluation, the needs of the organization must be evaluated. The first question the 
developer should ask is will an lEDT help the potential users. If it will, the next question to ask is how can 
such a tool be of help. Evaluation must include an assessment of how different technologies and tools are 
used in the domairt This type of information will become evident during the domain investigatioa During 
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and after EDT implementation, the evaluation emphasis turns to how the domain environment is impacted 
by the use of an OEDT. The impact to the oiganization depends on the user's purposes and how the 
organizational structure hurts or helps the user. The impact on particular individuals must also be evaluated. 
An lEDT may change job requirements and processes and thus evaluation may be difScult due to the fluid 
nature of an individual's duties as an lEDT is implemented. 
The evaluation of an EDT is also driven by the criteria developed fitom the objectives and 
requirements established for the project Questions that must be addressed include how well a tool is working 
and how well does it meet the user's needs, what measures can be used to assess how the user's needs are 
met 
The significant evaluation challenge is to determine what data must be collected to establish the 
effectiveness of a tool. This is a complex research area by itself. The evaluation of an lEDT must be based on 
objective measures. Measurement models should provide management with options, some of which are 
resource intensive and expensive and others which are low cost and simple [23]. Software measurement 
requires carefiil plamiing and data collection, which can require more resources and overhead to be done 
correctly. This may be a different concept to sell to management that would rather find ways to reduce 
overhead. It m^ be better to look for ways to utilize routinely collected data. 
There are several proposed evaluation methods that might be suitable for an lEDT. O'Neil and Baker 
[231 propose five types of evaluation methods that can be adapted. The Turing test compares the system's 
performance with the performance of human experts. One version of this technique is called based on having 
a group of experts or end users make judgments about an lEDT performance versus expert performance. The 
group should not know whether a given result is from the EEDT or produced by an expert without the aid of 
the lEDT to avoid bias. Generalizable theory. G-theory [24], should be used to validate the assessment and 
examine inter-judge consistency [23], The Expert Assessment technique consists of having experts evaluate 
the TEDT based on predefined criteria. Statistical sampling examines the results of a statistical sample of test 
cases presented to the lEDT. Summative and formative evaluation have already been discussed. Finally, 
analytic hierarchy process is a technique where the lEDT is decomposed into its functional components, 
which are evaluated based on performance. 
The ultimate test of an lEDT is the effect it has on the abUity of a designer to perform the job and 
make appropriate design decisions. Evaluation of this may be accomplished by looking at job performance 
and decision quali^ with or without the aid of the lEDT. If there is a perceivable difference, the lEDT is 
proving effective. Another indication is the frequency of use of the EEDT. This may prove an important 
&ctor in determining where the most benefits are being realized. 
5.3.6. Improvement of an EEDT 
This step can be done incrementally with the domain experts and users by periodic review of the 
lEDT as the development process continues. Once the initial project is progressing, plans should be drawn 
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for its expansion where additional features and capabilities can be added. A user survey will enable the 
developer to determine where the EEDT needs improvement or expansion from the user's point of view. 
5.4. Resources 
Software development requires careful planning and clearly defined objectives that are in line with an 
organization's strategic plan. Successfiil incorporation of an lEDT requires that management provide 
adequate support, both with resource and administrative commitment In this section some of the previous 
issues regarding development of an EEDT into a new application domain will be revisited and some 
additional points will be addressed. The objective of the research was to develop a domain independent 
development approach. In meeting this objective, many of the strategies have been described in general 
terms. New domain application efforts may use these as a framework and resource. The software is also 
designed so that different modules can be plugged in with minimnm difficulty. The inter&ces can even be 
edited to fit a new domain tjy using copy, paste, and other Excel editing features. Thus, the prototype EDT 
can serve as a resource for future development efforts. 
Aside firom these resources, there are other &aors that need to be considered in a new development 
effort First the new effort must be appropriately scoped. This requires careful execution of the objectives 
and requirements steps so that there is a clear definition of what the tool needs to be. Developers must be 
careful to avoid scope creep, which is the tendency of the scope of an application to increase as the project 
proceeds. This is an ea^ trap to ^ iato as the developers gain better understanding of the extent of what 
may be done. In summary, a new development domain must be extremely cautious to accurately estimate the 
scope of the project 
Second, the new domain application must consider proper staffing. It can be very difficult to assemble a 
staff with appropriate skills. Business demands, inadequate communications, head count limits, scheduling 
conflicts, time denoands, and budget constraints can make it difficult Conflicts between the need for staffing 
continuity and the special requirements of specific tasks and activities will arise. At miniminn, there should 
be a full-time person with good technical and interpersonal skills committed to the development task for a 
minimnm of six months to accomplish an DEDT of similar scope to the prototype. There must also be 
adequate and timely support and cooperation from domain experts that will supply the domain knowledge, 
processes, and tools. Several experts should be encouraged to participate so that multiple viewpoints and a 
wide range of experience can be considered. The time commitment on the part of the experts will amount to 
an average of a few hours per week eacL Depending on the need for additional model development as 
described in this report a second developer may be required. The model development process can take up to 
three months to complete assuming everything worics correctly without too much difficulty. Management 
needs to make the project a priority by supporting it with adequate budgets and leadership. 
Third, the users should also be involved since the tool is ultimately to serve their needs. Including 
potential users in the development and testing of an lEDT has several advantages. The developer will have 
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the opportunity to remain apprised of the users real needs as the process continues. Additionally, the usen 
will feel a sense of ownership and familiarity that will enhance the assimilation of the tool into the domain. 
The developer must be carefiil in including users. In some cases users have been included in knowledge 
acquisition processes to their extreme dissatisfaction. The result has been a feeling that the time was wasted 
and ultimately the tool will likewise be a waste of effort 
Fourth, an appropriate support infiastructure should be in place by the time a project begins. Included 
should be adequate project management support The developer and experts should be provided with 
adequate training to leam the skills and technologies required for the lEDT development Finally, 
management should have a proper perspective on what is reasonable to e.Ypect 
5 .^ lEDT for Aircraft Wing Design: Implementation of the Engineering Design Process 
Once the domain investigation had commenced and the developer had gained familiarity with the new 
domain, plans for the EEDT were outlined and implemented. The engineering design process was used to 
make the process more systematic. 
5.5.1. Defining lEDT Objectives for Aircraft Wing Design 
The general EEDT design objectives were used as a guideline in the development of the specific 
objectives for the wing design case, as shown in Fig. 5.4. The main objective of the proposed EEDT is that it 
be an effective preliminary design tool, providing the aircraft designer with requisite information as well as 
streamlined access to the appropriate design tools to accomplish an acceptable preliminary design with 
respect to the design objective, minimimi wing weight Since many parameters are uncertain or subject to 
change, the objective is to identify a design within the feasible design space that can be a sound starting place 
for the detailed design and design optimization processes. 
Although many of the objectives appear under the same headings as the general case, their details are 
focused on the current project. Quality is an extremely subjective objective that inherently belongs to the 
objective tree. In this case quahty is defined by three parameters; performance, reliability, and 
maintainability. 
Experts agreed that usability and fimctionality would define EEDT performance. The former category 
relates to the ease with which a user can employ the tool. Experience has proven that if a user must struggle 
to understand or utilize a tool, other methods will become preferred. Thus, it was decided that features should 
be built into the EEDT to enhance the designer's ability to use the tool effectively. These were to include 
clear instructions, utilization of familiar terms and units, or cell color-coding, built-in input validation, and 
error detection. The user should be provided with the appropriate level of design guidance. This includes 
feedback with respea to parameter choices, guidance regarding the impaa of certain parameters on other 
input choices or output as well as assessments of results including implications to other design 
considerations. 
Cost 
Smart 
Quality 
Modular 
Simple Logical 
Flexible 
Feedback 
Familiar 
Usability Familiar 
Flexible 
Complete 
Traceable 
Efficiency 
Suitability 
Accurate 
Consistent 
Reliability 
Productivity 
Convenience 
Performance 
Convenient 
Functionality 
Effectiveness 
Error 
Detection 
Maintainability 
Easily Adapted Good User Interface 
Versatile Software Interface 
Effective Preliminary Wing Design Tool 
-J 
vO 
Figure 5,4. Objectives tree for preliminary wing design lEDT 
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One of the more challenging and inqwrtant objectives under the usability category is that the lEDT 
for preliminary wing design be easily adapted. In light of the foots that expert knowledge is subjective, and 
changes over time, together with the potential introduction of new design information, it is desirable to give 
experts convenient control over the knowledge that is included. In a domain as broad and complex as aircraft 
wing design different designers may wish to relate different experiences. Development of a preliminaiy wing 
design lEDT with a good software inter&ce is important for similar reasons. Engineers in this field use many 
tools and new tools are often developed. If the lEDT is to remain a relevant piece of software it must include 
the capacity for the inclusion or substitution of differem engineering tools. Another reason this goal is 
important is that once the proof-ofs:oncept prototype is successful, it can be expanded to include more of the 
design tasks and knowledge required for jet transport design. 
The last objective set related to usability is that the EEDT have a good user interfoce that is easy to 
understand and use. The inter&ce should provide the user with easy communication to and from the DEDT. 
Each inter&ce within the lEDT should be consistent in appearance. Familiar aircraft wing design terms and 
data formats should be used. Flexibili^ means that the novice as well as experienced design engineers should 
find the tool usefiil. This is important since the prospective user group includes engineers of different sldH 
levels; a situation that is reflective of many real-world settings. The EEDT should be designed so that is aclcc 
for input and provides output in a logical order and format for the wing design domain. Last, the inter&ce 
should be convenient with simple, straightforward input methods that are familiar to the engineers working in 
the domain. The input should be limited to only the minimum input parameter requirements. Parameters that 
may be derived fit>m others should be calculated from within the lEDT. 
Functionality is related to what the tool does and the developer must be sure that the lEDT does the 
right things. It should perform the necessary calculations, employ the relevant models aiKl knowledge and 
provide accurate wing design results along with an assessment of what the results mean The EEDT should 
incorporate all of the necessary design calculations. It should utilize at least three different wei^t prediction 
models that are based on accepted domain practices and proven design knowledge. The model results will be 
used to obtain a ballpark wing weight estimate. The tool should provide complete access to all of the 
necessary information and data so that the designer does not need to refer to other resources during a session. 
The tool should also include an embedded wing structural analysis tool for preliminary design. This tool 
should be representative of actual code used in the industry to demonstrate how such software can be 
included. 
The next quality-related objective is reliability. The wing design engineer should be able to use the 
tool the same way and get the same results every time. Maintainability refers to the ability of the domain 
users and experts to trace the embedded logic or correct bugs and errors without the assistance of the 
developer. 
The lEDT should increase the productivity of the user by providing efBcient access to tools and 
knowledge so that the design can be complete quickly, more options may be explored, the design can be 
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improved, or design optimization can be done. Optimization is critical in the airoail industry. Thus, adequate 
time must be provided in the design cycle to accomplish it The integration of knowledge with tools permits a 
more streamlined approach to the design process, especially in complex domains like jet transport design. 
Such tools can ultimately permit designers to consider issues important to other design areas in a convenient 
manner. Thus, the principles of concurrem engineering employed in the aircraft industry can be integrated. 
Examples in the case of the wing design include the incorporation of manu&cturing and cost considerations 
so that the engineer can take these into account as part of the design process. EfBciency also points to 
modular design for two reasons. First, modular design permits the user to use only needed portions of the 
lEDT. Second, it makes the tool easier to alter when modules become obsolete or new tools and modules are 
to be added. Modular design permits these activities to occur with only a minimum impact on the entire 
EEDT. 
Effectiveness refers to the designer's ability to utilize the tool at the necessary level required relative 
to user ability and the project needs. Additionally, the lEDT for the aircraft design domain should utilize 
software and calculation methods that are familiar to the users. As an example, if a user is famihar with the 
spreadsheet environment, the tool should be housed in or designed to look like a spreadsheet Utilization of 
^miliar software will also contribute to the usability of the package. 
Suitability objective includes designing the tool for the user, considering the user's needs. This 
includes consideration of specific information as well as famiUar procedures and software. The EEDT should 
also be designed to operate in the h/ficrosoft Windows environment utilizing Excel 97 as the mast software 
package. 
The final objective is related to cost. This includes development costs and maintenance costs. Both are 
of concern to the management within the domain. In this research, the budget was very limited and thus cost 
drove many decisions regarding the type of software and computing environment that could be considered. 
5.5.2. Determining lEDT requirements for aircraft wing design 
There were several requirements imposed on the lEDT as outlined in Table 5.2. These requirements 
related back to the lEDT objectives described above. 
5.5.3. Function analysis for the DBDT for aircraft wing design 
The function analysis for the lEDT for wing design is derived firom the fimction analysis done for the 
wing design and design process discussed in previous sections. One may refer to the product breakdown and 
function analysis diagrams in appendix A. 
Function analysis, related to the LEDT. required the developer to determine the following information. 
First, the developer had to ascertain what input is required by the aircraft designer and how it is used. It is 
also necessary to determine what kind of calculations are required and what ^pe of knowledge is needed. 
The developer needed to determine what results are required and how they should be displayed. Additionally, 
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Table 5.2. lEDT reqiniements 
Objective Requirement 
Quality 
Performance 
Usability 
Smart 
Feedback 
Eiror Detection 
Adaptability 
Versatile Interface 
Good User loter&ce 
Simple 
Consistent 
Familiar 
Flexible 
Logical 
Convenient 
Functionality 
Accurate 
Complete 
Reliability 
Maintainability 
Traceable 
Productivity 
Efficiency 
Convenience 
Modular 
Effectiveness 
Flexible 
Familiar 
Suitability 
Cost 
Clear indication of required input 
Clear indication of how to access information and tools 
Require minimum user input 
Must provide the user with input limitations 
Must provide convenient access to guidance at different levels of detail 
Must have built-in input error detection and notification 
Expert must be able to add or remove data, models, knowledge easily 
Expert must be able alter knowledge to fit his own paradigms 
Inter&cing to other software and tools should be straight-forward 
User should be able to access other software without leaving Excel 
Be able to incorporate internet access, executable code 
Use and Excel spreadsheet as an inter^tce to the user 
Use pictures and graphs 
Each woricsheet the user has access to should be constructed with the 
same formats 
Utilize a spreadsheet format 
Allow users to override input values when appropriate 
Ask for input is order consistent with design process 
Provide knowledge where it may be required 
Provide output in a logical order with respect to the decision making 
process 
Provide units, explanations, easy access to knowledge tools 
Provide a unit conversion routine. ouQ)ut report 
Include at least four prediction models 
Provide sensitivity analysis 
Provide historical trends 
Provide trade-off analysis 
Provide access to FAR regulations 
Provide a past design data base 
Provide access to other design considerations, and cost analysis 
Provide some optimization cabability 
Models should provide ballpark results for wing weight prediction 
Provide all required knowledge to aid in user's decision making process 
Provide a means to trace dependencies and precedents 
Integrate all tools and knowledge 
Place different fimctions in different spreadsheet workbooks 
Provide information and results in format appropriate to domain 
Excel must be used to house the lEDT 
Software cost mav not exceed $3000 
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it was necessaiy to discover what the user would like to do with the output Finally, other issues that 
indirectly affect the wing design objective were investigated. Examples of fimction analysis diagrams for the 
prototype jet transport preliminary wing design lEDT can be found in appendix A. In the fimction analysis, 
the experts indicated where the designer mi^t require guidance or design assessment Much of the guidance 
can be provided through comments. In-depth knowledge is provided using fiizzy logic. This will be discussed 
in chapter 8. 
There are two main design evaluation features that were built into the EEDT. First the designer 
requires guidance as to the acceptability of the current design. This can be accomplished by providing the 
designer with access to information concerning the acceptable ranges of input values in similar designs or a 
comparison to the result based on results of similar designs or specified design criteria. Second, the designer 
needs to understand how changes in the input parameters m^ affect the output Sensitivity analysis provides 
the designer with guidance as to how sensitive the output is to various input parameters. This information 
will provide the designer with insight into which input parameters can be changed to produce the most 
significant change in the wing weight It will also provide the designer with an understanding as to how 
changing candidate parameters may affect the output The details of the sensitivity capabilities are discussed 
in chapter 9 
5.5.4. Alternative Approaches to the Design of the lEDT for Aircraft Wing Design 
Other implementation schemes were considered for portions of the EEDT. For example, many of the 
calculations performed in the spreadsheets could be done using executable code incorporate into the 
spreadsheet utilizing dynamic data exchange. It would also be possible to hyperlink to the Federal Aircraft 
Regulations on the Internet if the tool was installed on a PC with Internet capability. 
Instead of incorporating the knowledge into Excel using comments, hyperlinks, and fii2zy logic, it 
would be possible to link the proposed lEDT to a knowledge-based tool like XpertRule fiom Attar Software. 
This tool can be used to create rule-based software for any domain. It does not handle computation very 
efBciently and since most of the design effort relies on calculations, the incorporation of such a tool is left for 
a future research activi^. 
5.5.5. Evaluatioa of the EEDT for aircraft wing design 
Evaluation of the lEDT for aircraft wing design will be discussed in chapter 9, entitled. 'Evaluation of 
the lEDT for Jet Transport Wing Design'. 
S.6. Map of the Prototype lEDT 
Figure 5.5 shows the l^out of the lEDT developed as a result of completing the steps described in the 
previous sections. The details are explained in the remaining chapters of this document 
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Figure 5.5. Map of preliminary wing design lEDT 
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6. PUTTING IT ALL TOGETHER 
6.L Background 
This chapter will describe the implementation procedures for the integrated engineering design tool 
(lEDT) developed for the commercial jet aircraft wing preliminary design domain. The chapter focuses on a 
description of the features of the EEDT and how an aircraft designer may use it These sections are followed 
by a description of how the EEDT addresses the levels of cognition described by Bloom and discussed in a 
previous chapter. Finally, recommendations and plans for fiiture work will be discussed. 
6.2. Implementation 
The EEDT utilizes Excel as a front end and exploits many of Excel's features to enhance the 
designer's capabilities at preliminary design. Althou^ the specific design domain addressed in this research 
will be described in detail, the ideas and procedures generalize to other preliminary design domains. The 
following discussion illustrates how Excel can be utilized to create an EEDT. 
6.2.1. Initial Design of the user interface - user input 
Once the required input parameters are identified a user inter&ce can be initially laid out in an Excel 
worksheet dedicated to that purpose. The worksheet is color coded so that the user is quickly alerted to where 
user input is necessary. Units are also provided so that the user knows what the EEDT expects. 
The user inter&ce is designed so that the input is organized in a logical fashion for the design domain 
at hand. In the wing design domain the user-input values are organized according to mission specification 
values, mission profile values, aircraft configuration parameters, control and high lift device sizing, design 
parameters, and optional user input values, shown in Fig. 6.1 and Fig. 6.2. The first two categories are 
typically provided to the user in a design specification. The degree to which the user has discretion in altering 
these parameter values depends on the particular design situation. 
Mission Specifications Input 
Cruise Mach Number 
Cruise Altitude (ft) 
Maximum Ceiling (ft) 
Number of Passengers 
Cargo (lb) 
Take-off Field Length (ft) 
Landing Field Length (ft) 
Number ot Powerpiants 
Mission Profile Input 
Start. Taxi, & Take-off 
Clunb 
Cruise Range 1 (run) 
Loiter Time l(hr) 
Crmse Kange z (y© ot i'^) 
Descent 
Loiter Time 2 (hr) 
Land, Taxi, Shutdown 
Figure 6.1. User inter&ce - design specifications 
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The aircraft configuradon category contains input parameters that are within the designer's control. 
Typically, these values are constrained by aenxfynamic. manufacturing, or structural considerations. The 
control surface and hi^ lift device sizing parameters are constrained by lift and control requirements, 
manufacturing and cost considerations, and current technology. The design parameter category consists of 
many design variables that are not direcdy related to the wing's geometric configuration and within the 
designer's control within the constraints of current technology. The user is provided with additional 
assistance for the input parameters in the last fotu- categories in the form of comments and other knowledge 
tools that will be discussed in a subsequent section. Comments can be inserted into any Excel cell by using 
the Insert comment command in the Insert menu. The comments are viewed one at a time by placing the 
mouse cursor over the ceU. The user can recognize commented cells by the small red triangle in the uiqier 
light comer of the cell. 
Aircraft Configuration Input Design Parameters Input 
Asoect Ratio Wetted Area Ratio 
Planform Taper Box Depth (%Choni) 
Ratio Nonoptimum Factor 
Sweep Angle TSFCc™«(Ib/Ib/hr) 
t/c. average TSFCc™« Ob/lb/hr) 
t/c. root Load Factor 
t/c. tio Maxunum Lift CoefBcient 
Control/High Lift Devices Input 
Clean Lift Coefficient 
ACno. Take-off Flaps 
Aileron Span ACrvi. Landing Flaps 
Aileron Chord ACrvu Landing Gear 
Flap Span Oswald EfBciency Factor, eropiaw 
Flap Chord Oswald EfBciency Factor. eLmrfm,n™ 
Oswald EfBciency Factor, ea^n 
Optional User Input Values Input 
Wing Loading at Take-off (Ib/ft^) 
Figure 6.2. User interface - design parameters 
The last user-input category, the Optional User Input Values, is included to illustrate how it is 
possible for the user to override a dependent calculated parameter value. In the case of wing loading, the 
proposed design procedure results in very conservative estimates for wing loading, which is a very 
significant input parameter in the prediction of wing wei^t The user may prefer to utilize a larger value for 
this parameter based on historical experience. This opportunity is built into the lEDT. However, selecting a 
different value for a parameter that is dependent on the other input variables requires that the designer 
consider the implications of that choice. When the user chooses this option, a help cell will appear that is 
linked to a source of additional guidance regarding the implications of that design decision. 
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6.2 J. Incorporation of design knowledge - user input 
An extensive amount of design knowledge has been incorporated into the lEDT to provide the user 
with information pertaining to selections in an effort to be responsive to users of different expertise levels. 
All assumptions relevant to the IHDT and its models are available to the user by clicking an appropriately 
labeled cell at the upper left comer of the user interface page that is linked to a file where the assumptions are 
listed. Excel permits the insertion of comments in worksheet cells. These are used to provide the user with 
surface knowledge and design rules relating to input variables. Conunented cells are flagged with a small red 
triangle in the upper right-hand comer of the cell. To access the comment in a cell, the user simply must 
place the mouse cursor over the cell of interest. Comment cells are easy to edit and can be amended as 
warranted by domain experts. 
Along with the comments the user-input worksheet provides the maximum and minimum parameter 
limits where appropriate. These cells are also color coded for easy interpretation. The database upon which 
the models discussed previously were constmcted imposes limits on some parameters. Extrapolation beyond 
the limits of the database in many cases will result in erroneous, unreliable results. Thus, the user is supplied 
with easy access to the limits for reference purposes. If a limit is exceeded an error message alerts the user to 
the situation. 
Not all design knowledge can be housed in simple comments. The user is provided with the 
opportunity to explore extended design knowledge by clicking on the help cells on the user interface 
worksheet. All hyperlinked cells are color coded so they can be easily identified. Many of the aircraft 
configuration and design parameters are selected based on the designer's knowledge and experience. This 
expertise is valuable and was incorporated into the user interface via Excel's hyperlink capabilities. 
Knowledge regarding the choice of aspect ratio, planform taper ratio, sweep angle, thickness to chord ratio, 
wetted area ratio, box depth, non-optimum weight factor, and specific fuel consumption is incorporated using 
fuzzy logic. The details of this capability are described in chapter 8. Experts can adapt of expand the depth 
knowledge with only minimal spreadsheet experience. 
There are also many design situations where graphs and charts provide valuable design information. 
This kind of data is also easy to link to by utilizing ExcePs hyperlink function. Historical plots for aileron 
span versus aileron chord and maximum lift coefficient values depending on selection of high lift devices are 
two examples of graphical representation of historical data that are accessed in this fashion. The first of these 
figures is shown in Fig. 6.3. The fiincdonal relationships for the curves were developed using Excel's 
curvefit routines. The resulting equations were used as prediction models to provide the user with numerical 
maximum and minimum values. This helps the user more accurately interpret the graph. The second model is 
embedded into an Excel worksheet linked to the main user interface. The user can access the graph to 
determine a value for a maximum lift coefficient based on flap configuration and quart chord sweep. 
Additionally, the user can further research flap designs from this worksheet by accessing detailed design 
descriptions and performance characteristics via additional linked worksheets. 
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y = 10.224x^ - 6.2869X + 1.2552 
= 0.9951 
Trends in Aileron Dimensions 
y = 17.359x^ - 10.253x + 1.8552 
r2 _ 0.9857 Aileron Chord/Wing Chord 
<=1 Use the historical trend plot to determine an 
approximate span ratio 
for the aileron 
Estimate of Aileron Span/Wing Span 
Min 0.32 
Max 0.38 
Figure 6.3. Example plot with numerical prediction from wing EDT 
It is also possible to link the user with pictures and drawings to assist in the understanding of the 
terms. An example of how this has been done is the wing box depth. The interpretation of this parameter is 
not necessarily apparent to all users. If needed, the user can click on the box depth input label cell and a 
drawing with definitions and additional information including design considerations used by expert designers 
will appear. 
6^3. Calculation of design parameters based on mission specification 
The first step in the design of aircraft wing configurations and weight predictions is to establish 
aircraft and fuel weight estimates and reference wing dimensions. This is an inherently iterative process 
where design trade-offs and compromises must be made. The process is encoded in an Excel worksheet. As 
discussed in the previous section, a user interface worksheet was created where the user-input values are 
stored. These include mission speciHcations, aircraft configuration parameters, and design parameters. These 
values are subsequently linked to the model calculation page where all relevant model prediction calculations 
are embedded. If the user changes any or all input values on the user interface worksheet, the values will 
automatically be updated on the model calculation worksheet 
The next step is to encode the mission segment weight fraction information. Typically, a jet transport 
aircraft will have a mission similar to that shown in Fig. 6.4. At the beginning or the mission the aircraft will 
have a gross take-off weight, Wq. During each segment of the mission the aircraft will lose weight by burning 
fuel. The weight at the end of each segment can be designated with consecutive numbers as shown in Fig. 
6.4. 
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Fig. 6.4 Mission specification diagram 
The mission weight firactions for mission segments can be determined by dividing the weight at the 
end of the segment by the weight at the beginning, given in equation 6.1. 
Brequet's range and endurance equations, given in equations 6.2 and 6.3. are used to determine the 
iiiel fractions for cruise and loiter, respectively. The variable used in Brequet's equations are defined as 
follows: V is the corresponding velocity in knots. C is the specific fiiel consumption in Ib/lb/hr. L/D is the lift 
to drag ratio, R is the cruise range in nautical miles, and E is the loiter time in hours. Note that accurate 
results &om these equations depend on the designer's knowledge of the specific fuel consumption, which 
depends on the engine technology employed, and the lift to drag ratio. The lift to drag ratio is dependent on 
the wetted aspect ratio and can be estimated based on historical data. This was implemented into an Excel 
worksheet by plotting historical Hata of L/D versus wetted aspect ratio, ARy„f The wetted aspect ratio is the 
aircraft's aspect ratio divided by its wetted area ratio, the latter of which is basically dependent on the relative 
size of the fiiselage and the wing. Excel's curve fitting capabilities were then employed to obtain the 
historical relationship given in equation 6.4, with a regression coefBcient of 0.994. 
W / WeightFraction = (6.1) 
(6.2) 
(6.3) 
% = 15.70 (6.4) 
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Aircraft designers use historically representative fuel fractions for the rest of the mission segments, 
given in Table 6.1. Once the fiiel fractions for every segment are determined, they can be multiplied together 
to determine the ratio of the weight at the end of the mission to that at the beginning of the mission. The 
mission fiiel fraction can then be found by subtracting the weight ratio frum 1. These operations have all been 
built into the Excel spreadsheet 
Table 6.1. Historical fiiel fractions 
Mission Segment Historically Representative Fuel Fraction 
Stot 0.990 
Taxi 0.990 
Take-off 0.990 
Climb 0.985 
Descent 0.990 
Land 0.995 
The next relationship the designer must employ concerns the relationship between the gross take-off 
weight and the empty aircraft weight In this case an historical relationship based on statistical analysis [29] 
as shown in equation 6.5 is used. 
^^=L02W,'"^ (6.5) 
The determination of the gross take-off weight is then an iterative process based on comparing an 
initial guess with a calculated result This is encoded into Excel by utilizing an historical estimate for the 
gross take-off weight of the aircraft based on payload size. This guess is used to calculate the ratio of the 
emp^ weight to take-off weight which is added to the fuel fractioa A new estimate for the gross take-off 
weight is then given by equation 6. Excel then checks to see if the new estimate is equal to the original 
estimate for take-off weight If not the new estimate is used as the initial guess and the process is repeated. 
Even in the case where the original take-off weight estimate is off by a magnitude of a million, the process 
converges within fifteen iterations. Physically, this is encoded in Excel by copying the equation fifteen 
times, with each new equation using the results of the last equation as an initial starting point 
W 
or — payfoad 
'' t. 
' /w. /w. 
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Once the above procedure converges, the next step is to perform initial sizing. There is a traditional 
trade-off in aircraft design between thrust to weight ratio, T/W, and wing loading, W/S. One of these two 
ratios must be set and the other calculated. It is somewhat more straightforward to set the thrust to weight 
ratio and calculate the wing loading. Historically, a thrust to weight ratio at cruise of 0.25 is a good estimate 
for jet transport aircraft It is also possible to use the historical relationship between T/W^n,,. and Mach 
number, given in equation 6.7. 
=0.267Mac/i"" (6-7) 
W 'cruise 
Since the thrust at cruise is different than that at take-off, the thrust to weight ratio at cruise needs to 
be converted to take-off conditions by multiplying the cruise value with the ratio of take-off weight to cruise 
weight. This estimate can then be checked against Federal Aircraft Regulations [30] for transport aircraft, 
FAR 25 climb requirements. The FAR requirements examine the thrust to weight ratio at transition, initial 
climb, second segment, en-route, and landing with one engine inoperative. The requirement also examines 
the thrust to weight ratio at landing when all engines are operative. The thrust to weight ratio for one engine 
inoperative at transition and initial climb is given by equation 6.8. The same equation can be used for second 
segment and en-route calculations by multiplying it by 0.8. Equation 6.8 may also be used to find the thrust 
to weight ratio at landing for the one engine inoperative condition by multiplying the results by the ratio of 
landing weight to take-off weight. Equation 6.9 gives the thrust to weight ratio for FAR 25 all engines 
operative at landing. Table 6.2 provides the FAR requirements for the variables used in equation 6.8. Note 
that the maximum drag coefficients are user-input values that depend on design. 
CDO DO 
'^ceAR) 
+ CGR (6.8) 
1=1.25 
Coo +AC00 
Q 
+ CGR W, Land 
^Take-off  ^
(6.9) 
The parameter AR found in equations 6.8 and 6.9 represents the aspect ratio, a user defined input 
parameter. The Oswald efficiency parameter, e, is adso included in the calculation of the drag coefficient. 
Typical design values for this parameter at the various FAR conditions can be found in Table 6.2 [30]. More 
will be discussed of these in following sections. The parasitic drag coefficient, Cqo, is found by calculating 
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the wetted area ratio by 0.003. The liit coefficient Cl. used in equation 8 and equation 9 is equal to the 
maxinnim lift coefficient for the condition under investigation divided by the square of the velocity ratio. 
VA^nau- All of these equations and constants are built into the model calculation worksheet and the user is 
alerted if the FAR requirements exceed the thrust to weight estimate for the proposed design. 
Table 6.2. FAR take-off and landing conditions 
Take-off Segment ACDO Cijnax Velocity Ratio Critical Climb e 
VA/suu Gradient CGR 
OEI - Transition 0.030 CLnmx.TO 1 0 0.8 
OEI — Initial Climb 0.015 CLmax.TO 1.2 0.012 0.8 
OEI - Second Segment 0.015 CLniax.TO 1.2 0.024 0.8 
OEI - En-route 0 GunaxClean 1.25 0.012 0.85 
OEI - Landing 0.075 Cfjmx.Land 1.3 0.032 0.75 
AEO - Landing 0.053 Cfiiuix.Land 1.5 0.021 0.75 
After the thrust to weight ratio is estimated the minimum required wing loading (force/area) may be 
found by calculating the wing loading at different segments of the mission including stall, take-off, cruise, 
and landing. Equation 6.10 gives the relationship for wing loading, W/S. at stall conditions, where p is the air 
density at sea level or 5,000 feet altitude. Voao is the stall speed, and Cunax is a user-input lift coefficient 
which is maximum at Stall. The maximum lift coefficient is very difficult to estimate; but for jet transports 
may range from 1.2 to 5.0 depending on the flap configuratioiL If no better estimate is available domain 
experts suggest the use of a value of 2.4. 
(6.10) 
A second flight condition that must be checked is the required wing loading at take-off. FAR 25 
requirements must be met regarding field length and obstacle clearance. Equation 6.11 gives the relationship 
for wing loading at take-off. The take-off parameter. TOP. may be found from historical data for FAR 25 
balanced field length and depending on the number of engines included in the desigiL The parameter, o; is 
the densi^ ratio and T/W is the thrust to weight ratio established previously. 
W/^ = {TOP)aC^{TlW) (6.11) 
Generally, commercial jet transport aircraft are designed for cruise conditions. During cruise, lift is 
equal to the aircraft weight and thus the lift coefficient is equal to wing loading divided by the dynamic 
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pressure, q .  This relationship can be rearrange to give Equation 6.12, which provides the relationship for 
wing loading at cruise. 
(6 12) 
The final condition is wing loading at landing. Equation 6.13 gives the relationship where 5 represents 
the landing field length. 
(6,13) 
Each of the wing loading conditions has been encoded in the Excel model calculation worksheet The 
minimum wing loading is found for the current proposed design and reported to the user. The user has the 
option to use the calculated wing loading or provide an alternative wing loading if experience suggests that 
the calculated value is too low. If the user chooses to enter an alternative wing loading, the lEDT will present 
the user with guidelines to consider. 
There is now enough information available to estimate the reference wing configuration. The user has 
already entered preliminary values for the aspect ratio, the planform taper ratio, and the thicicness to chord 
ratios at the root and tip. The wing area, S. can be directly calculated when the take-off weight and wing 
loading are known, given in equation 6.14. 
W r  (6.14) 
WjS 
The wing span, b, can be found once the wing area and aspect ratio are known, given in equation 6.15. 
b = ylS*AR (6-
The root and tip chords can be found using equations 6.16 and 6.17, where X represents the planform 
taper ratio. 
(6.17) 
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The thickness at the root, and the tip, 1^,, can be found based on the user-input thickness to chord 
ratios as shown in equations 6.18 and 6.19. 
'V =(^l 'flp (6.19) 
In addition to the above wing configuration calculations, several other design parameters are encoded 
in the model calculation worksheet. The mean chord and average wing box depth, in feet, are also provided 
to the user. These are calculated based on the calculated chord dimensions and the user-input wing box depth 
as a percentage of the chord. The leading edge sweep is also calculated using equation 6.20. 
tan ' (tan(A,,^c) + ^ ) (6.20) 
The fuel fraction for the mission profile specified by the user was described previously in this section. 
This value can be multiplied by the take-off weight of the aircraft to obtain an estimate of the fiiel 
requirements in pounds for the mission. This can be compared to an historical prediction model provided by 
Roskam [1], given in equation 21, which depends on the thickness to chord ratio and planform taper ratio of 
the proposed design. 
=0.54 
( 
1 + A tip 
i t / c ) ,  + A-
U / c )  w tip 
(6.21) 
The fuel required can be converted to gallons if the fuel type is specified. Once the gallons required is 
known the fuel volume in cubic feet can be cadculated. This conversion is also encoded in the Excel 
worksheet and will be used in a trade-off study that will be discussed later in this chapter. 
The estimated aircraft cruise speed, in knots, can be calculated from the cruise Mach number input by 
the user, as shown in equation 6.22. 
_ Macfu,JlA(niS)Crempg) (6.22) 
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The other important speeds are the approach speed and the stall speed. The approach speed is 
raimiatftri based on historical data. The approach speed versus the landing field length for the aircraft in the 
riatahacft was graphed and curve-fitted. The resulting relationship was used to calculate the approach speed of 
the proposed aircraft design. The stall speed is equal to the approach speed divided by 1.3. Each of the 
preceding calculations is encoded into the Excel model calculation worksheet 
6.2.4. Incorporation of the prediction models 
At this point all of the necessary* input parameters for the wing weight prediction models were 
available in the Excel worksheet The next step in the development of the model calculation woiksheet was 
to incorporate the models described in the chapter 7. This was a straightforward procedure of encoding 
equations in the case of the Raymer. General Dynamics, and Torenbeek models. The ModelQuest results 
required additional transcription from their C programming language to Excel fimctions. ModelQuest 
provides a C fimction where all of the required coefficients and eqiiations are stored. These were encoded 
into the model calculation worksheet. 
6.2.5. The user interface - output 
Since the user will not directly see the model calculation worksheet, the output has been linked back 
to the user inter&ce page where it can be organized and presented in a logical manner The output cells are 
color coded so that the user can quickly identify which cells represent model output 
The wing weight information is presented first since wing weight is the design objective the user is 
considering in the preliminary design task. Multiple models were used to provide a ballpaik estimate. Since 
the models are only approximate and based on historical trends, utilizing more than one will permit the user 
to examine how closely the results agree. In cases where one model is significantly dijBTerent, the user may 
choose to disregard the result and use the other models. A model result that is far dififerent fi-om the others 
may be an indication that the model was used in a range where the results are not dependable. In such a 
situation the remaining results will provide a point of reference fixim which to draw such a conclusion. 
The average of all of the models is also presented for the user's ease of interpretation. The wing 
weight estimate based on the historical database for aircraft of the same approximate take-off weight is also 
given for comparison purposes. When all of the wing weight predictions are in general agreement, the user 
can feel &iriy confident in the proposed design results. Otherwise, the user will need to use judgment to 
determine which estimates to trust 
In addition to wing weight estimates, the user is presented with estimates for the gross take-off 
weight, the payload weight, the empty weight and the landing weight of the aircraft The user is also 
provided with calculated wing dimensions, discussed previously, resulting from the input parameter values 
for the proposed design. In addition to the numerical values and their corresponding dimensions, the user has 
access to graphical output in two forms. The first option is a descriptive drawing of the reference wing where 
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the dimensions are defined, shown in Hg. 6.5. The second option is a current wing design plot where that 
current design iterate is sketched, shown in Fig. 6.6. The user accesses either of these plots by clicking on 
labeled hyperlinked cells. 
The output includes the approximate wing rib spacing, calculated based on the average wing 
thickness. Wing rib spacing is ^ically on the same order as the average thickness and studies have shown 
that as long as the spacing is held closely to this value, it will not a£fect wing weight significantly. 
Since the fiiel requirements were calculated in the model calculation worksheet, the results are also 
provided to the user for reference. Both the fuel required for the mission specified by the user, and the fuel 
estimate calculated based on historical trends and wing dimensions are provided. The user is also alerted to 
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Figure 6.5 Wing configuration definition fixjm EDT 
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Figure 6.6. Proposed wing design configuration diagram ftom EDT 
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the adequacy of the fuel volume provided based on the current proposed design. This comparison is based on 
the physical dimensions of the aircraft wing compared to the actual volume required to meet the fuel needs. 
The minimum required thrust to weight ratio at take-off is also reported as output on the user interface 
worksheet. This value is compared to the thrust to weight ratio available based on the wing loading. The user 
is alerted as the to adequacy of the available thrust to weight. If the thrust to weight ratio is not sufficient, the 
user is provided with guidelines about what to consider to remedy the situation. The user also has the option 
to investigate the available engine technology by searching a database composed of available jet transport 
engines. The database is currently housed in an Excel worksheet that is hyperlinked to the user interface 
worksheet When the user chooses to search the database for an appropriate engine, there are instructions 
about how to accomplish a search provided to the user in conunents on the database worksheet. Excel's help 
capabilities are also accessible at any time. If there are no engines in the database that meet the 
specifications, a message will appear informing the user of that fact. A user or system administrator with only 
a limited knowledge of spreadsheets can add additional engines to the database to expand its capabilities. 
The aircrait speed estimates at cruise, stall, and approach are also provided as output on the user 
interface page. The user is also presented with estimates for the lift to drag ratio and the parasitic drag 
coefficient These are included in a category labeled aerodynamic parameters. 
6J2.6. Incorporation of the historical database 
Since the lEDT is based on the concept of evolutionary design, access to historical data is a natural 
requirement The designer may wish to examine historical data for information or ideas or to compare current 
design parameters. Data for commercial jet transport aircraft was collected and divided into categories 
according to take-off weight since overall that is the driving design objective. The database is currendy 
housed in an Excel worksheet that is linked to the user interface worksheet via the hyperlink function. The 
user can access the information by clicking on the linked cell at any time. 
6J2.7. Incorporation of reference information 
Most engineering designs are governed by official specifications or regulations that must be followed. 
Often, these manuals or books are consulted to determine constraints and limits to design. The hyperlink 
feature permits the user to access the Federal Aircraft Regulation 25 that governs the design of commercial 
jet transports. The regulations are stored in a Microsoft Word file. However, if the lEDT were used on a 
computer with internet capabilities, the hyperlink could be directed to the internet site and thus avoid local 
storage problems. Access to other governing documents and design manuals relevant to wing design could be 
included in a similar fashion for easy and timely access. 
One of the other tedious aspects to design is the working in a dual system of units. The aircraft 
industry is not immune to the problem. Thus, a designer may be provided with data that is in units different 
from what is needed, or may be required to input data in units different from what are given. To alleviate the 
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inconvenience of this situation, the lEDT has a unit conversion worksheet that is accessible from the user 
inter&ce worksheet 
6.2.8. Incorporation of special considerations the designer must make 
Since the designer who is worldng towards minimiTing the wing weight is malcing design choices fhaf 
ajSect other engineering groups, it is important that the designer be aware of how certain choices may affect 
those groups. Thus, a capability is built into the lEDT to promote the concept of concurrent engineering. The 
user can examine how the parameter selections made during the session may affect or be affected by design 
considerations other than weight by accessing information stored under the special considerations heading. 
There are three headings included in the prototype lEDT: pitch-up stability, leading and trailing edge devices, 
and structural considerations. 
A graphical representation of pitch-up boundaries for transonic aircraft is presented in an Excel 
worksheet together with expert comments pertaining to the figure and its use. This worksheet is linked to the 
main user interface woricsheet via a hyperlink. 
The second special considerations topic concerns leading and trailing edge devices. The file 
containing the information relative to these devices is hyperlinked to the main user interface as was discussed 
previously. From this worksheet the user can access further information on each device type including 
characteristic performance and expert design advice. 
The third topic relates to structural considerations. Typically, structuial design responsibilities are 
assigned to a separate group, just as weight prediction is assigned to a designated engineering design team. 
The user can access the structural considerations woricsheet. where the user is provided with general 
considerations, via a hyperlinked cell fix>m the user inter&ce page. From the structural considerations 
woricsheet the user can access additional information on three structural elements; ribs, spars and the 
wingbox. The domain experts, with only a minimal amount of spreadsheet knowledge can add additional 
structural components and information. The user can also run a depth knowledge structural analysis code by 
accessing its user inter&ce worksheet fiom within the structural considerations worksheet This code is 
representative of the Qrpes of analysis code required at preliminary design of jet transport aircraft and is 
included to demonstrate how such codes can be integrated into the lEDT. 
The structural analysis code is a Fortran 90 executable code developed by domain experts. The 
computer code entitled "^ving_box" included in the overall design code represents a depth knowledge 
resource for evaluating the static structural performance for a generic wing box structure. The algorithm 
used in the analyzer incorporates the mathematical representation of a thin walled, closed wing box structure 
based on a strength of materials advanced beam modeling. The procedure provides for asymmetric beam 
cross sections and both thickness and planform taper. 
The generic wing box components used to generate the closed section are shown in Fig. 6.7. The 
configuration contains 2 upper spar caps of equal area. 2 lower spar caps of equal area. 8 stringers (4 upper, 4 
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lower) of equal area, and skin material making up the upper and lower sur&ces and the &ont/rear shear web 
combination. The spar cap and stringer cross sectional areas vaiy in a linear &shion along the span of the 
wing with the maximum area occurring at the centerline of the wing. Cross sectional areas at the mid semi-
span are assigned 70% of the centerline value The skin thickness remains constant along the wing span. The 
axial location of the firont spar of the wing box is fixed at the 15% chord iocatioiL The thickness of the wing 
box is fixed at 90% of the maximum thickness of the airfoil section. The total material area at the centerline 
section is set by a maximtim allowable normal stress criterioa That is. total spar cap and stringer cross 
sectional area is decreased until the critical component normal stress reaches the maximum allowable value. 
Skin and shear web thickness is set using a maximum allowable shear stress criterion. 
Upper Front Spar Cap 
Front Shear • 
b. 
Lower Front Spar 
Upper Sur&ce Skins & Stringers Upper Rear Spar Cap 
"O O—O O Q 
JD Q Q Q C Rear Shear 
\ 
Lower Rear Spar Cap 
Lower Sur&ce Skins & Stringers 
Figure 6.7. Wing box definition 
The applied loads on the wing consist of lift only. Drag and torsional moment caused the moment 
about the aerodynamic center are neglected. The span distribution of lift is generated using a Shrenk 
formulation. 
Code inputs include wing aspect ratio, wing loading, airfoil average maximum thickness-to-chord 
ratio, wing box length, wing taper ratio, and wing quarter chord sweep angle. Each of the required input 
parameters is linked to this page for user reference. The code can be run in batch or interactive mode. 
Outputs include spar cap and stringer cross sectional areas, locations, normal stress levels, loads, and 
skin/shear web shear flow values. The code can be run firom within Excel by accessing the appropriate 
hyperlinked cell and following the instructions given by the program. Safeguards have been built into the 
executable code to prevent the user fiom entering erroneous data. The results can likewise be accessed via an 
Excel hyperlink cell on the structural considerations inter&ce woiksheet The output may be printed if 
desired. 
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6J1.9. Incorporation of sensitivity studies 
The user can perform sensitivity studies on proposed designs by accessing an Excel worksheet set up 
for this purpose. The worksheet is linked to the main user interface using the hyperlink fimction. The details 
of the sensitivity study capabilities are presented in chapter 9, entitled, 'Sensitivity Analysis'. 
6 .^10. Incorporation of historical trends and tradeH>ff studies 
Once a proposed design is analyzed, the designer may wish to perform some additional trade-off 
studies if the design is not satisfactory, or if time permits to attempt some improvement to the preliminary 
design configuration. Such capability is linked to the main user interface in a hyperlinked cell labeled. 
Trade-off Studies and Historical Trends'. There are two approaches to the trade-off studies provided to the 
user. The user is made aware of which approach is used for each study via ceil labels. 
The first approach is a matrix illustrating the qualitative relationships between the design parameters. 
Relationships between parameters that are direct, in other words as one parameter increases, the other also 
increases, are represented by a plus sign. Relationships between parameters where one parameter decreases 
as the other increases are represented by a minus sign. In cases where relationships do not exist or are not 
important to preliminary design are left blank. The matrix is stored on an Excel worksheet that is linked to 
the trade smdies worksheet and is easily modified or expanded by expert designers with minimum 
spreadsheet experience. 
The second approach is to show the user graphical representations of the relationships that are 
important to the prelimiiury design process. These relationships will help the user determine what would 
happen to a certain parameter if another design parameter was changed. Within this study there are different 
types of information presented. There are many choices in how such information can be presented to the user 
that depend on what type of information is available and how the designer needs to use it. The lEDT 
described in this chapter presents several options. On one end of the scale, there are graphs that illustrate only 
the trend of a parameter with respect to another parameter. No attempt is made to quantify the relationship. 
The user can see how the parameters relate to each other and get a qualitative idea of what trade-offs can be 
made. Wing weight versus sweep, thickness to chord ratio, or aspect ratio is presented qualitatively. The next 
type of trade-off is presented in quantitative form as shown in Fig. 6.8. Range versus passenger count trends 
are dependent on the magnitude of the take-off weight of the aircraft. Therefore, the trade-off information is 
presented as a trend only for various classes of jet transport aircraft. The lift to drag ratio, LTD, versus aspect 
ratio, AR, is plotted for several wetted area ratios, shown in Fig. 6.9. The user is also provided with lines 
designating the current and historical design L/D values for reference. From this graph the user can determine 
a combination of aspect ratio and wetted area ratio that produces a design LTD approximately equal to the 
historical UD for a similar design. 
Other trends are coupled with prediction models as shown in Fig. 6.10. The domain experts can 
modify these relationships as more data is available by following the instructions provided. Typically, 
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modifications require the addition or deletion of data points and the correspondiag changes to the Excel 
functions that calculate the slope and intercept values. In these cases graphical data from actual designs are 
plotted and curve fitted. The resulting mathematical models are used to predict historical parameter values. 
The historical parameter predictions are given for the proposed design scenario. The user can visually see the 
expected historical trend with respect to an input parameter of interest by inspecting the plot Other trends 
presented in this manner include the following. 
• Wing loading versus take-off weight 
• Wing area versus take-off weight 
• Wing weight versus take-off weight 
• Payload weight versus take-off weight 
• Empty weight versus take-off weight 
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The final type of presentation is based on a fimctional relationship as opposed to historical data. In the 
wing design problem the user must optimize the wing configuration so that there is still adequate room for 
fiiel and landing gear. There are a series of graphical representations for a proposed design wing volume 
versus wing loading, aspect ratio, root thickness to chord ratio, tip thickness to chord ratio, or box depth as a 
percentage of chord. The functional relationships are found using Excel's trendline functions. The user is 
given the current status of the input and the corresponding wing volume. The user also has the opportunity to 
perform what-if analysis by entering different input values. One other feature built into this presentation is 
the calculation of the required input value that will result in the desired wing volume. The user is alerted as to 
whether the required input value is feasible or if other changes will be required. 
3.2.11. Incorporation of preliminary optiiiiization capabilities 
Excel provides optimization capabilities in its Solver routine. This routine was employed to provide 
the user with the opportunity to optimize wing dimensions for a needed wing volume. Two models are used 
in the optimization routine. These can be accessed via a hyperlinked cell in the main user interface. 
As discussed earlier, the model prediction worksheet calculates the required fuel for a mission as well 
as the esdmated volume available based on a statistically developed equation that takes wing area, wing span, 
thickness to chord ratios at the root and tip, and planform taper ratio into account This equation is encoded 
again in a worksheet developed for the optimization procedures as the first model. Within the worksheet, 
shown in Fig. 6.11 the user is provided with current parameter values copied fiom the user inter&ce 
worksheet The user is then provided with cells in which to enter desired values to be use in the optimization. 
The worksheet makes it clear to the user where these cells are by using the standard cell background color for 
input, bright yellow. There are also instructions provided to the user suggesting appropriate input and a 
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Figure 6.11. Preliminary optimization capabilities using Exccl's Solver routine 
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warning reference to cells that should not be changed. The user is also given the current fuel volume and the 
needed volume calculated in the prediction model worksheet for reference. The user can then decide what 
fuel volume is desired and enter it in a clearly labeled cell. The user is then directed as to how to use Solver 
to find opdmal values for whichever of the input parameters the user chooses. The user can also impose any 
desired constraints on the Solver solution. 
The optimizadon roudne incorporates a second model that calculates the wing structural box volume 
based on box depth as a percent of chord, aspect ratio, planform taper, and the thickness to chord ratios at the 
root and tip. Take-off weight and wing loading are also needed for the model and are provided for reference. 
These parameters are used to calculate wing area, which is needed in the model, given in equation 6.23. The 
user is provided with reference values for each of these parameters as well as a set of cells for user input. The 
reference values for box depth and aspect ratio are copied from the user interface worksheet, while the 
reference values for the other three parameters are referenced from the results of the first model. 
W ^ ^TO 
WIS 
{%Box] 
(1 + /11 A/? 
w., TO 
W J S  ^ 
W ^TO 
WIS 
W, TO 
WIS (6.23) 
(l +  AlAJi 
W, TO 
WIS  ^
 ;j 
6 .^12. Incorporation of cost analysis 
Since cost often becomes a deciding factor in selecting a design option, integration of a cost analysis 
package into an lEDT provides the designer with convenient access to additional criteria upon which to make 
design decisions. Raymer [29] presents a simple cost estimation procedure developed by RAND corporation 
based on statistical data of actual historical costs. Many other industries use similar cost estimation 
algorithms based on historical costs incurred on similar designs with a built-in cost index factor. 
The RAND DAPCAIV model provides a set of equations (cost estimating relationships) that provide 
reasonable cost estimates, based on 1986 dollars, for several aircraft classes including jet transports, shown in 
equations 6.24 through 6.27. The model requires the user supply the production year, a cost index factor, 
number of aircraft to test and production, Q, an estimate of the aircraft's maximum velocity, V, in knots, the 
aircraft empty weight, W^. The model assumes aluminum construction. The model calculates hours for 
engineering, tooling, manufacturing, and quality groups. The user must enter the current cost per hour for 
each of these groups to obtain costs. 
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Hours„^ (6.24) 
Hours,^ = 5 99W (6.25) 
Hours„f^ = 7.37W (6.26) 
Hours = = 0.l33Hours^g (6.27) 
The costs resulting from these need to be added to engine development costs, which are typically 
known. If these costs are unknown the cost should be increased by 15 percent to 20 percent. Additionally, 
cost incurred from development support, flight testing, and manufacturing materials are included. These are 
given in equations 6.28 through 6.30. 
Costj^ =45.42W/®V'-^ 
= 1243.03W/-^^V°-®-FTA'-' 
— 1 1 ATI/ 0-®-W/0.621/-\0.799 
Each of these equations was encoded into an Excel worksheet that is linked to the main interface via a 
hyperlink. Each of the estimated costs is added together to give a total and a cost per aircraft The cost results 
are available in the cost worksheet and are also reported in the final report. The designer can use this 
information to determine if the proposal design is reasonable from a cost standpoint. 
6 .^13. Incorporation of a Final Report Document 
The user may wish to have convenient documentation for the design configuration selected. At the top 
of the user interface worksheet there is access to a Word document in which all of the important design 
information is linked. This was accomplished by copying the cells in the appropriate worksheets in the EEDT 
and pasting them as links in the Word document. An example of the report document is found at the end of 
Appendix C. The user can print the document as a record of the selected design configuration. 
(6.28) 
(6.29) 
(6.30) 
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7. PREDICTION MODELS 
7.1. Introduction 
The prototype lEDT for jet transport wing design contains four weight prediction models. This 
chapter will discuss the creation of a prediction model based on historical data. Monte Carlo simulation, and 
statistical neural networks. Industry-developed models recommended by design experts are also discussed. 
7.2. Background 
Francis Shanley developed a wing weight prediction model based on strength of materials concepts 
and statistical analysis of historical design data [31] that has been adapted to predict the structural weight of 
transport aircraft wings. This chapter discusses Shanley's approach to weight prediction, the semi-empirical 
model developed to predict wing weight, the development of a training set using stochastic methods based on 
the semi-empirical model, and the creation of a prediction model using a neural network-type program, 
ModelQuesL In the final sections other statistical prediction models will be presented. These were also used 
in the final lEDT. Since it is not possible to know exactly what the weight will be until the aircraft actually 
flies, utilizing predictions from several models will provide the designer with a ballpark estimate of the 
preliminary design weight estimate. 
The prediction model developed in this chapter is an engineering computational tool that will be 
incorporated in the lEDT. This development effort is only one option to obtain data upon which to build 
prediction models. Finite element analysis or experimental testing are other viable means to create training 
data. 
73. Prediction Model Development 
The basis for the semi-empirical wing weight prediction model is the analysis of structures based on a 
weight to strength ratio. Typically, the inverse relationship, strength to weight, is considered. However, 
comparing materials on a strength to weight basis can be misleading when buckling failure is a possibility. 
This mode of failure implies that the proportions of the structure are important. The weight to strength 
approach considers the material and the configuration of the structure. 
In aircraft wing design the objective is zero weight rather than increased strength. Zero weight is a 
much different objective than infinite strength where strength enters the relationship as a constant that must 
be maintained. Thus, one predicts a required weight to give a desired strength. 
73.1. Weight prediction model based on weight to strength analysis 
A useful preliminary weight prediction model should be as simple as possible and provide reasonable 
results without a huge investment of time and resources. Many of the details of the design are not well 
established at preliminary design and therefore the model should not depend on these details. The following 
107 
prediction models depend on statistical, historical &ctors that accomit for variations in airfoils, taper, inertia 
effects, load distribution, and non-optimum weight 
The weight prediction model developed from Shanley's woiic is divided into two parts, the optimum 
weight estimate and the non-optimum weight contribution. Each of these will be discussed separately in the 
following sections. The effects of combined loading will not be considered in the development of the 
prediction model. If this is a concern, it can be accounted for by a small reduction in the allowable stress. 
7.3.1.1. Optimum weight prediction 
Minimum structural weight can be divided into two ^es; weight that depends directiy on loads, 
material properties, and load transmission path lengths, and weight that depends on size and geometry of the 
structure. These parameters are considered in the optimum weight model. 
The largest portion of the wing's structural weight is required to resist axial loads caused by bending. 
Failure is assumed to occur when the average axial stress in the most highly loaded element reaches the 
critical stress of the material. Thus, the first step in the development of the model is to determine the bending 
moment at any given wing section, given in equation 7.1. where V is the shear force. Atj, is a factor 
representing the variation in spanwise lift distribution, and b is the wing span. 
Next, the wing airfoil is approximated by a two-flange beam with effective depth, as shown in Fig. 
7.1 that is capable of resisting the same moment The shear wd) is assumed to resist none of the bending 
stress. The moment, given in equation 7.1. is then divided by the effective depth to obtain the resulting axial 
force, equation 7.2. which is assumed to be uniformly distributed. Note that in equation 7.2 the effective 
depth is replaced by an effective flange depth factor, which is a measure of the ef5ciency of the cross-
section in resisting bending loads when compared to an idealized two-flange beam, times the maxinnun 
airfoil depth, h. There is historical data available to estimate the eflfective flange depth fector. Typically 
values range fix}m 0.6 to 1.0. 
(7.1) 
Figure 7.1. Two-flange approximation 
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h 
V*k^ *  
4  
k.  *h 
(7.2) 
Now, one must consider that the lower flange is a tension flange, and develop the corresponding 
expression for the tensile stress, equation 7.3. 
fb^ B*k,  *  
Fr = 
(7.3) 
Area *h*Fj  
Next, an expression for the maximum shear force in a tapered wing is required. Equation 4 includes 
two more historical factors, J,u> ^ bending factor that provides for the effects of dead-weight inertia loads on 
the wing. Additional terms in equation 7.4 include a load factor, rif^ and the gross aircraft take-off weight, 
Wg. 
(7.4) 
Substituting equation 7.4 into equation 7.3 provides an expression for the required tensile area, 
equation 7.5, based on historical factors and preliminary design parameters. 
(b 
Area^ = 
(7.5) 
h*k^*FT. 
Since the upper flange is in compression, the allowable stress depends on the structural index given in 
equation 7.6, where P is the load, B is the width of the flange, and Lg is the effective length between 
supporting members. 
Structural Index = 
L.B 
(7.6) 
Curves of optimum cross-sectional area of wide columns and panels for different materials are 
available, firom which the relationship given in equation 7.7 can be determined. Where Cc is approximately 
0.002 for common materials used in aircraft structures, and Fc is the compressive stress of the material. 
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t  = C * L + - ^  (7.7) 
" B*F^ 
The required compression area can then be found as given in equation 7.8. 
Area^ =t*B = CXB + — (7.8) C CO 
Thus, the total area required to resist bending, equation 7.9. is given by the summation of equations 
7.5 and 7.8. Note that the allowable compressive and tensile stresses are replaced by an allowable axial 
stress, given in equation 7.10. 
" 2 k, h F, 
F = _ 2*F^*F^ (7.10) 
Equation 7.9 can be rewritten in terms of the following ratios, equations 7.1 la-7.1 Ic. the airfoil 
thickness ratio, K^, the structural width ratio, Kb, and the effective column length, Ki,, where C is the aiifoU 
chord. These substimtions result in equation 7.12. 
c 
Area^^=C,*L^*B + 
r^\ 
v - ^ y  
* 
{-
^ * v 2 j * : v  
h 
n, •Wg 
F. 
(7.11a) 
(7.11b) 
(7.11c) 
(7.12) 
The relative importance of the two terms in equation 7.12 depends on the type of wing. The second 
term dominates in the case of long, thin wings with high loads. The first term is more important in low aspect 
ratio wing designs where the root chord and depth are large. It becomes even more important when the wings 
are lightly loaded. 
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Next, the required structural area due to the ribs must be determined. Wings are subjected to very 
complex loading and wing design varies a great deal. Therefore, the following weight prediction equations 
due to ribs are simplified considerably into area required for rib shear webs and area required for rib flanges. 
Ribs are required to resist crushing loads. Strength is more important than stiffness in wing design. Equation 
7.13 represents the area required for rib shear webs, where t„ is the minimum average thickness, is the 
allowable shear stress, and 5 is the wing area. 
^ h * B  K  I  n ^ * W g * B * C  
=tro + +-* (7-13) 
Equation 7.14 is the equation for the rib flange area required to resist bending and couples due to air 
loads as well as concentrated loads, where is the allowable bending stress in the rib material 
n ^ * W g * B - * C  
^rib_ flange 4* h* S * (7.14) 
Finally, an expression for the required cross-sectional area, Ag, of the primary structure at the wing 
root is obtained by substituting necessary integration factors and then adding equations 7.12, 7.13, and 7.14. 
The result is given in equation 15, where k, represents the shear depth factor and is approximately equal to 
0.9 for preliminary design, kt is an effective length factor approximately equal to 0.816. The material 
property ratios are given in equations 7.16a and 7.16b. 
Area, = (2C,k,K,'+C^k,K,K,y:' * ^-0 + 
n.Wg 
2F, 
J..J. 
+ J 
nb 
t L l Z l  
k. h 
/-I 
rifWg 
2F. 
K,c' ^ K;-C' 
Sm^ ISK^m^ 
(7.15) 
m. = 
'"or =• 
(7.16a) 
(7.16b) 
Now, the volume can be estimated from equation 7.15 by introducing integration factors, and kit^ to 
account for variation of air and inertia loads over the wing flange. Historical values for these integration 
factors are available. Finally, the simplified expression for the optimum volume is given in equation 7.17, 
I l l  
which was obtained by multiplying the required area. Areas, by the span. b. The term. C, represents the 
average chord length of a given airfoil. The optimum weight can then be estimated by multiplying equation 
7.17 by the equivalent material densi^. p. This is the optimum weight excluding leading and trailing edges 
and non-optiminn weight Notice that the optimum wei^t is not directly proportional to the transmitted 
loads. Also, the portion of the wing weight that depends directly on loading is primarily influenced by the 
span. 
There are several worthy observations to be made at this point with respect to equation 7.17. First as 
the airfoil width, B, is increased the weight will increase. Also, increasing the rib spacing will increase the 
required rib flange weight However, as the wing depth, h, is decreased, the weight of the wing will increase. 
This is largely due to the increasing inefBciency of the wing spars, which requires greater material in the 
spars to resist the same loads, as the depth decreases. Since the material properties are included in the 
denominators, high strength materials will result in less optimum wing weight Hi^ strength materials are 
especially advantageous in high-aspea ratio thin wing designs. The term b/2h is the most important 
geometric ratio in cormection with bending. 
Next one can introduce the effects of sweepback. The following assunq)tions apply to the required 
modifications to account for sweep: 1) the aerodynamic span is unchanged, 2) the aerodynamic root and tip 
chords are unchanged, 3) the airfoil thickness is unchanged. 4) the wing is swept around the quarter-chord 
line with respect to the plane of symmetry, 5) the wing ribs are also swept 6) the local effects at the root and 
7) the increased bending moments on the fiiselage are neglected. Equation 7.17 can be altered to account for 
planfonn taper by substituting the following relationships given by equations 7.18a through 7.18c. The 
primary effect of sweepback is an increase in the terms that contain the span. b. The span, b. is squared in the 
bending term and, thus, the bending term is most affected by sweepback. 
Vol 
optimum 
(7.17) 
(7.18a) 
= C * C O S 0  
= B*cos6 
(7.18b) 
(7.18c) 
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7.3.1.2. Noo-optiniain weight 
Once an estimate of the optimum structural weight is obtained, one needs to recognize that the actual 
weight will be much greater. There are many sources of non-optimum weight including use of non-tapered 
sheet metal, joint inefficiency and doublers. bulkheads and stiffeners required to support local loading. Other 
practical considerations that influence the abili^ to optimize the weight are cost accessibility, and stiffoess. 
Typically, the non-optimum effects will increase the weight of the wing to at least twice of the optimum 
weight predictioa It is difficult to account for non-optimum weight by a rational analysis. The approach used 
by Shanley, and adopted for this prediction model is to introduce an overall optimum &ctor. kx, by which to 
increase the optimum weight 
The non-optimum weight factor includes the effects of joists. The wing structure is composed of 
many individual parts and therefore a large portion of the weight increase (approximately 20% to 40%) is due 
to joints. It is possible to reduce this weight contribution if machining is possible. Equation 7.19 provides a 
means to estimate the effects due to joints, where Lj is the joint length. L. is the total length, N. is the number 
of sections and 7 is the joint efficiency fector that typically ranges firom 0.7 to 0.8S for modem aircraft 
k  = — N  
"yomt ^ 1 (7.19) 
When compression or instability is important the doubler effect must be considered. Doublers can be 
considered as extra members, and are used to reinforce joints subjea to these conditions. Equation 7.20 
provides an estimate of the non-optimum weight contributions due to doublers. where Lq is the equivalent 
doubler length and ko is the rado of the doubler cross-section to the ideal cross-section. 
k  = ^ k  
"•doubUr "-D 
(7.20) 
Weight is also increased due to the use of sheet metal and nontapered members that do not conform to 
minimiim requirements. When considering the affects of taper one must consider the rate of the taper of the 
stmcture and the number of sections used. If the width of the stmctural box is proportional to the width of the 
airfoil chord, the planform taper rado, can be used to predia the contribution of excess weight due to 
taper. Equations 7.21 and 7.22 provide taper Actors for shear and bending due to non-tapered members. 
non-iaper _ shear N 
1 + /1 
0.85 
- 1  (7.21) 
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non-taper _ bending 
N 
3 (l + /L) 
2 1.05 
- 1  (7.22) 
The above equations indicate that excess volume required due to bending is greater than that required 
for shear. More significantly, the above relationships indicate that a rectangular wing is four times as heavy 
as a triangular wing. Therefore, there is a significant contribution to the reduction of non-optimum weight 
with planform taper. Finally, these equations indicate that the non-optimum weight penalty is dependent on 
the number of sections used in the structure, with fiill penalty for only 1 section. The weight penalty 
decreases as the number of sections increases. 
Another source of extra weight is due to practical limitations requiring the use of standard sheet or 
stringer gauges that are greater than the minimum required. This factor is typically set equal to 0.15 for 
preliminary design. There are also many additional miscellaneous Actors that contribute to non-optimum 
weight increases. These include deliberate departures fiom optimimi design due to production constraints and 
requirements, accessibility requirements, cutouts that require additional reinforcing material, doors and 
covers, bulkheads, heavier skins, and reinforcements required to support fuel tanks and local loading points, 
and the impracticality of varying the types of structural design along a wing span. These are generally 
accounted for by lumping them into one factor, k— In this research this &ctor was assigned a value of 0.25 
in the prediction model. Rules for assigning a value to this &ctor will be explored in the chapter covering 
fiizzy logic. The non-optimum factor kx. is calculated by combining the preceding terms into equation 7.23. 
 ^ ^doubter ^nontaper _ixmiing 0 . 1 5  + '  ( 7 . 2 3 )  
The last source of non-optimum weight considered in the prediction model is attributed to the leading 
and trailing edge devices represented by Jlt, which utilizes the unit weight of all material fi-om leading and 
trailing edge devices multiplied by the ratio of device area to wing area. Unit weight estimates are available 
[31]. Equation 7.24 provides a total estimate for wing weight at preliminary design that accounts for 
optimum and non-optimum weight sources. 
* p*kx + J ( l . lAr)  
There are a number of ways in which non-optimum weight can be reduced. First designs that 
approach optimum efSciency should be employed. Second, all excess material due to joints and standard 
sheet gauges should be eliminated. There is also an optimum number of joints for which the overall weight 
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will be mininnim. One trend to consider is that as the taper of the structure increases, the optimum section 
length will also increase. 
7.3.2. Training set development 
A prediction model based on the development presented in the previous section was created in 
Mathcad 6.0. The historical values, appropriate for transport aircraft design, for all of the integration and 
statistical &ctors were used in this model. 
7.3.2.1. Selection of prediction parameters 
In order for a prediction model to be usefiil at preliminary design, it must based on parameters that the 
designer knows or can control at this phase in the design process. Therefore, it is necessary to limit the input 
parameters to those that the designer can change in the process of searching for a feasible preliminary design. 
One approach to parameter selection is to utilize critical success Actors techniques, as discussed in 
the knowledge acquisition chapter. This process begins with a brain-storming session with a few domain 
experts to develop a list of as many parameters affecting the design as possible. The parameters are then 
presented to a larger group of experts for evaluation. The experts are asked to rank the top ten factors that 
most influence the design with respect to the design objective under consideration. They are asked to 
evaluate the list based on which parameters they know and can control at preliminary design. The responses 
are tabulated and statistically analyzed to obtain an abbreviated list of important preliminary design factors. 
Similar activities were conduaed with aircraft wing design experts. The following parameters were 
identified as important to weight predictions at preliminary design; material properties, wing thickness ratio, 
wing span, wing chord, skin thickness, rib spacing, box depth, non-optimum weight factor, control device 
weight contributions, planform taper ratio, gross take-off weight, and sweep angle. 
7.3.2.2. Stochastic analysis 
The next step in the process was to categorize the preliminary design fectors into two groups; control 
parameters and noise parameters. Control parameters refer to those parameters where a nominal value is 
assigned and considered exact The take-off weight and sweep angle are included as control variables. Noise 
parameters refer to those parameters that the designer does not know exactly. These parameters are assigned 
a nominal value and permitted to take on any random value within a feasible range of acceptable parameter 
values. Each of the remaining parameters &11 in this category; material properties, wing thickness ratio, wing 
span, wing chord, skin thickness, rib spacing, box depth, non-optimum weight &ctor, control device weight 
contributions, and planform taper ratio. 
The training set was then created based on design models for ten different aircraft gross take-off 
weights, based on dividing the current business and commercial jet designs into ten classes. Each of the ten 
models was designed for three different sweep angles. This resulted in thirt>- different prediction models. 
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It was then time to turn to the remaining parameters required in the prediction of aircraft wing weight 
Each of the remaining noise parameters was assigned a reasonable value based current designs in eadi of the 
aircraft classes. The next step was to assign appropriate values to all of the other parameters including the 
integration and statistical parameters used in the wing weight equation. Historical data and relationships 
[31,33] were used. Once values were assigned for each of these, they were not altered as the model was 
analyzed. 
At this point each of the thirty models was considered tuned and was providing realistic weight 
estimates. Monte Carlo simulation techniques were then employed to e.xpand the training set beyond the 
original 30 design observations. This was done by determining reasonable ranges of design values for each of 
the noise parameters and using normally distributed random numbers to assign a random value from within 
each range for each design iteration. A summary of the input data ranges is provided in Table 7.1. 
Two hundred and fifty design iterations were done for each of the thirty models. Each iteration 
utilized randomly selected parameter values for each of the noise parameters. This resulted in a 
representative output set for each design model. 
Table 7.1. Design parameters and corresponding ranges 
Design Parameter Input Range 
Take-off Weight 
Sweep Angle 
Span 
Chord at Root 
Chord at Tip 
Structural Box Depth 
Skin Thickness 
Rib Spacing 
Non-optimum Weight Factor 
Material Properties 
Mominal Input Value 
Nominal Input Value 
Span +/- tolerance*random number 
Chord at Root +/- tolerance'^random number 
Chord at Tip +/- tolerance*random number 
Chord„g*(0.25 to 0.725) +/- tol.*random number 
2 mm +/- tolerance*random nionber 
21 to 35 inches +/- tol.*random number 
Calculated Value +/- tolerance*random number 
Nominal +/- tolerance*randora number 
The representative set included 7.500 observations fix»m designs with extreme parameter values. The 
data set included the preliminary design parameter values and the resulting wing weight estimate. The 
premise was that once the model was woridng well, it could be changed to examine output for other feasible 
pieliminary design parameter values. Thus, the final training set encompassed not only the original thirty 
design built from nominal parameter values, but also included designs where the preliminary variables were 
allowed to change. Therefore, the training set was representative of the feasible design space for business and 
transport aircraft wing designs. 
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7^ .^ ModelQuest model 
The training set was introduced to a statistical netwoik. ModelQuest from Abtech Corpoiatioa 
ModelQuest creates mathematical prediction models based on training data. The idea is similar to neural 
networks in that statistical networks are composed of nodes which each contain a mathematical fimction that 
computes an output value based on provided inputs. These nodes form layers, which form a network of 
statistical networics. The coefBcients of the functions contained in each node, the type of node, and the 
network connectivity are learned from the training Hata Models are trained layer by layer until the Predicted 
Squared error (PSE). a heuristic measure of the expeaed model error, fails to show improvement 
ModelQuest is nonparametric. meaning that it assumes no final fixed form for the prediction fimcuon. 
Traditionally, fimction prediction required an assumption regarding the structure of the mathematical model 
to be approximated. In this type of model approximation the data is used to determine coefficient values for a 
fixed-form function, regardless of how well the data fits the fimction. ModelQuest makes no assumption 
regarding the type of fimction that must be used and therefore the form of the function can be changed during 
model creation to reflect the behavior of the training data. 
Although ModelQuest evolved firom neural network research it uses fewer and more powerful nodes 
and uses statistical methods to determine appropriate ftmctions. ModelQuest is designed to be user fiiendly 
and requires that the user know very little about synthesis techniques since it automatically selects the 
network structure and parameter settings. Experienced users can override ModelQuest settings to tweak their 
models or integrate ModelQuest with other software. 
Each of the preliminary design parameters was used as an input parameter to the ModelQuest model. 
The output parameter was the resulting wing weight estimate. ModelQuest found six of the input parameters 
important to its final weight prediction model; take-off weight wing thickness ratio, the aspect ratio, the 
wing span, the structural box depth, and the non-optimum weight factor. The ModelQuest prediction model 
was converted to C programming language and exported for use in the lEDT. 
The ModelQuest prediction model was checked against a set of test data created using the prediction 
model discussed in the previous section. Input parameter data from each of the ten aircraft weight 
classes were used to obtain a weight estimation that was considered to be an actual wing weight The same 
input parameters used for the sLx ModelQuest predictor variable values and the ModelQuest output was 
obtained. The percent errors between the ModelQuest output and the actual weights, as predicted fix>m the 
previous model were calculated and can be found in Fig. 7.2. The ModelQuest weight estimates were within 
10 percent of the actual wing weights and thus deemed acceptable for preliminary design predictions. 
The ModelQuest prediction model based on the training set provides the designer with a dependable 
tool to estimate wing weight at preliminary design using only input parameters known at this phase of the 
design process. It should be noted that the original training set was built utilizing a &r more complex model 
derived fix)m strength of materials concepts and employing many historically based integration &aor and 
statistical coefficients. 
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Figure 7.2. Model Errors 
7.4. Other Prediction Models 
Due to the complexi^ of aircraft designs many weight estimation formulas are based on statistical 
analysis of historical weight data. One of the limitations to this approach is that it is only a valid predictor for 
similar design concepts. Radical designs are not represented. This section will present three additional wing 
weight estimation equations based on historical design data. These three prediction equations will also be 
utilized in the lEDT to provide the designer with additional preliminary design weight estimations. The 
purpose of including these additional prediction equations is two-fold. First, the designer will have a better 
feel for the 'ballpark' the proposed design is in. The designer can examine the aggregate results and select 
and average, reasonable result Second, the three additional equations will provide a check against each other 
and the ModelQuest prediction, providing the designer with a cue to when the [EDT is being extended 
beyond its capabilities. If the designer departs too much &om the evolutionary design process these models 
will begin to predict more erratically and provide erroneous and very dissimilar weight predictions. The 
engineer will need to utilize judgment in comparing model results. 
7.4.1. Raymer's model 
Daniel Raymer presents a statistical weight prediction equation [29] for the wing group, as given in 
equation 7.25, that is based on sophisticated regression analysis of historical designs. The parameters in the 
following equation are defined as follows: ^7^ is the gross take-off weight of the aircraft N is the ultimate 
load factor, which is the limit load &ctor multiplied by 1.5.5;, is the wing area, A is the aspea ratio, c/c is the 
thickness to chord ratio, A is the planform taper, A is the quarter-chord sweep, and Saw is the contol sur&ce 
area. 
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^0.005l(W„Mr"s:"'A"{f^}^(l + Ay' codAySil (7.25) 
The above equation is valid for transport aircraft. All dimensions must be in English units of pounds 
and feet 
7.4.2. General dynamics model 
Roskam [32] presents the following statistical equation, equation 7.26. developed at General 
Dynamics for the prediction of wing weights on commercial jet transport aircraft. The parameters in the 
following equation are defined as in eqn. 25 with the additional definition. .V/h- which is the Mach number at 
sealevel. 
7.4.3. Torenbeek's model 
Torenbeek's statistical wing weight prediction equation [32]. given in equation 7.27 is also 
incorporated in the lEDT. The only new variable definitions in the following equation are the 
maximtim zero fiiel weight of the aircraft or simply the difference between the take-off weight and the fuel 
weight, and the thickness at the wing root. 
Equation 7.27 is valid for transport aircraft with take-off weight in excess of 12.500 lb. Both 
equations 7.26 and 7.27 include the weight of control sur&ces and high lift devices. All values should be 
given in English units of pounds and feet Several other adjustments may be made to these two equations 
depending on the design situatiotL If the airplane has two engines mounted on the wings, the weight 
estimates should be reduced by five percent Four wing-mounted engines warrant a ten percent reduction in 
estimated wing weight If the landing gear is not mounted under the wing, the estimates may be reduced by 
five percent If Fowler flaps are employed, the wing weight estimate should be increased by two percent 
(7.26) 
n 0 3  
(7.27) 
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7 .^ Summary 
Each of the models described in this chapter are embedded into the prototype TFDT The model 
results are based on different input parameters. The design engineer can compaie the output from each model 
to determine a reasonable ballparic estimate of the proposed design wing weight 
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8. FUZZY LOGIC AND KNOWLEDGE REPRESENTATION 
8.1. Background 
Since the advent of the computer, a machine that operates by manipulating O's and I's, Boolean logic 
has played a significant role in many computational processes. Boolean logic is based on the premise that a 
proposition is either completely true or completely not true. There is no room for anything in between. Thus, 
there are only two categories for classification. This contradicts the way that humans classify information. 
Fuzzy systems, on the other hand, provide for multiple categories and partial membership in two groups and 
gradual transitions between categories. 
When building an EDT it is mandatory to consider the way that humans process information and 
perform classification. The boundaries between categories are rarely sharp and instantaneous, but rather 
inexact or fiizzy. Humans use natural qualifiers like very, somewhat, fairly, or roughly, in everyday language 
to represent their inexaa knowledge of their world. Utilizing natural language classification in an lEDT is an 
appropriate means to promote ease of interaction with the designer since problem defmitions and solutions 
rely heavily on such schemes. 
Humans exhibit the ability to process information pertaining to several inputs and develop a decision. 
The ease with which this is done can be attributed to the ease with which the human can assign a value to 
each input and weigh the resulting output relative to each input. 
Typically, humans assign values to ranges and assign linguistic labels to each range. For example, if 
the temperature is 0 degrees Celsius, the temperature is cold. When the temperature increases to say 12 
degrees Celsius the temperature is no longer cold, but it is not hot yet either. It falls somewhere in between. 
In fiizzy logic terms it hcis partial membership in the cold range and partial membership in the hot range. One 
could possibly assign another category to cover this temperature and call it warm, but what happens when the 
temperature rises yet another 5 degrees? It would certainly be possible to come up with another descriptor for 
another new category, but eventujdly there would be an unmanageable number of categories. 
Due to the limits of the human capacity to differentiate more that seven plus or minus two 
classifications for any parameter, values are often assigned a fiizzy value somewhere between two 
linguistically labeled ranges and the human processes the information from that point. The ability to handle 
gradual changes in parameter values is accomplished by assigning relative value membership in two 
overlapping ranges. 
Humans solve numerous problems, many of which are significantly more complicated than the 
previous example, every day. Solutions are based on approximate reasotiing and often lack high precision. 
Engineers approach problem solving using the same approximate reasoning to obtain solutions that are good 
enough. In these cases good enough is a judgment call that depends on available resources. After all, a good 
solution is better than no solution at all. 
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Fuzzy logic can be employed to &cilitate a computer's ability to mimic hnman thinking and decision 
making and takes advantage of approximate reasoning. Tolerance of imprecision in the solution process 
permits efBcient problem solving even in complex situations. This is where the application of fiizzy logic is 
powerful. If a person chose to use crisp logic, a very large nimiber of logical values would be required to 
obtain accurate results. When fiiz^ logic is implemented it is generally possible to obtain accurate output 
with 3, 5.7.9. or 11 ranges per input parameter. Therefore, the number of rules required is reduced compared 
to a system that requires separate classifications for every possible input value. 
Traditional fiizzy logic, as pioneered by Lofti Zadeh, attempts to mimic the way in which hninang 
process informatioa It uses a series of if-then rtiles to obtain output based on input parameters. The difficulty 
lies in situations where the number of inputs is large. Since separate rules must be written for each input 
combination, the resulting number of riiles becomes too large to manage and the system becomes slow and 
tedious since every rule is processed for each inference. Unfortunately, this is the case in many real-time, 
complex situations where fuzzy logic is appropriate. In order to gain a sense of how quickly the number of 
rules increases refer to Table 8.1 that shows the number of rules required for a system requiring five ranges 
to describe each parameter. Since the number of rules required increases exponentially with the number of 
required inputs the increase is commonly referred to as combinatorial rule explosion. 
The center of the rule explosion problem lies with the way that rules are typically developed. 
Specifically, it is customary to write rules in the format If the temperature is cold and the car battery is old 
then the car will not start In propositional logic this riile is of the form: If {p and q) then r. Neither p nor q 
has an independent relationship with r. only the intersection is important to this rule. There are two problems 
with this rule configuration that cause practical difQculties when using it to develop fiizzy logic systems. 
First, whenever one of the input values changes the output is affected, resulting in another rule. Second, as 
the number of input parameters or the number of input ranges increases, the process of defining appropriate 
rule intersections and corresponding output becomes extremely difBcult and time consuming. There have 
been attempts to use neural netwoilcs, genetic algorithms, and rule reduction to mitigate the problems 
encountered in complex problems, but none of these has proven acceptably efBcient for real-world 
implementation. 
Table 8.1. Example of rule explosion 
Number of Inputs Number of Rules 
2 25 
3 125 
6 15625 
12 244 x 10® 
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This type of process does not reflea the means by which humans make decisions. An individual does 
not process every rule combination to obtain an appropriate output In complex situations it would be 
impossible to memorize all of the rules or update them quickly enough. Rather the individual tends to weigh 
each input value directly to a corresponding ou^t value to develop a set of output values and then form an 
averaged output value fix)m the resulting output value set It was this observation that inspired Dr. William 
Combs [35.36] to develop a different approach to rule formation that relates each input set directly to the 
output set Combs rewrote the intersection rule configuration as a union rule; If (p then r) or if (q then r). 
Proof of the equivalence of this rule format can be found in reference 35. The union rule represents Combs' 
premise that humans weigh each input and obtain an output that balances the different input considerations. 
The only difBculty in interpretation results when one does not recognize the nature of the OR operator. In the 
development of this method, the OR operator is not an EXCLUSIVE OR. If it were, the results would make 
no sense for it would appear in many cases as though completely different and contrary output was required 
for each of the input values. 
Table 8.2 provides a summary of the number of rules required to obtain output under this new system, 
called Combs' Method. Combs' method escapes the combinatorial rule explosion associated with increasing 
numbers of input parameters by eliminating the need to relate all the inputs to each other before relating them 
to the output The system experiences only linear growth with increasing numbers of parameters or ranges. 
Thus, it remains manageable and runs quickly, affording real-time implementation. It is important to 
emphasize that Combs' approach models the problem space in a manner equivalent to the intersection rule 
approach discussed previously. 
Table 8.2. Required number of rules when Combs' method is employed 
Number of Inputs Number of Rules 
2 10 
3 15 
6 30 
12 60 
In Combs' Method each input range is directly related to the corresponding output range. The results 
of this process are a range of outputs that may be combined to obtain a final result The method is robust in 
that all possible input combinations are implicitly accounted for in the final step when the results are 
combined. Thus, all possible input combinations are included without being explicitly defined by a myriad of 
rules. 
123 
8 .^ Steps in the creatiiig a fiizzy system 
Figure 8.1 shows the steps in creating a fuzzy system as outlined by Heske [38]. First, a description of 
how the system should operate needs to be developed. This is followed by definitions for input and output 
variables as well as membership fimctions. Next, an expert must be queried to determine rules that relate the 
inputs to the output. The model can then be simulated. Since it is rare that a fuzzy model will perform exactly 
as intended upon its creation there is often a need to tune the system parameters. Once the fiizzy model is 
performing suitably it is usually incorporated with a user application to provide convenient interface and 
access to other information or data. Finally, a good system will often track its own performance and provide 
feedback to the user. Most of these steps will be further described in the subsequent sections of this chapter. 
Define Variables 
Elicit Rules 
Describe System 
Tunini 
Model Simulation 
Collect Performance Data 
Integration into Application 
Figure 8.1. Steps in creating fuzzy systems 
8.2.1. Description of the system 
This step is very similar to the first step in design processes or problem solving processes. In this step 
a developer needs to elicit from a domain expert a description of how the system should work in general 
terms. The input and output variables should be identified and a general understanding of how they relate to 
each other should be gained. For example, it is necessary to establish if the relationship between an input and 
output is direct or inverse. 
8.2.2. Definition of variables 
Once the variables have been identified it is time to specify ranges for all of the input and output 
variables. In fiizzy logic terms a range is called a universe of discourse. Each universe of discourse should be 
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broad enough to capture the important range of the variable. It is usually possible to identify extreme values 
for a variable beyond which the system is unaffected. Ranges may be described quantitatively or 
qualitatively. 
8^3. Definition of membership fianctions 
In the definition of membership functions domain knowledge is embedded in the fuzzy model. 
Therefore, this step is highly dependent on domain expert experience and expertise. The better the expert, the 
easier it will be to define good membership fimctions. There are several decisions that must be made in 
defining membership fimctions; the number of fimctions, shape of functions, placement of functions, and 
finally the symmetry of the functions along the universe of discourse. 
There are a couple of important considerations in deciding on the number of membership partitions. 
The number of fimctions depends on whether the universe of discourse is unipolar or bipolar. Unipolar 
describes ranges that are all positive or ail negative. These ranges may be divided into an even or odd number 
of membership fimctions. Bipolar ranges have values that span from negative through positive and require an 
odd number of membership fimctions. The number of functions also depends on the desired precision. If too 
few fimctions are used inadequate precision may result. However, too many functions result in a cumbersome 
computational burden. In general most fiizzy variables will have between two and seven functions. One may 
recall that himians have difficulty distinguishing between more than seven to nine classes. Since ftizzy logic 
seeks to emulate human processes this is probably a reasonable upper limit. 
Fuzzy systems are tolerant of a variety of fimction shapes representing approximations to the 
underlying relationships. There is an infinite set of membership fimction shapes that could be employed and 
often the decision is based on practical implementation factors. The literature refers to several membership 
fimction shapes that are theoredcally eloquent, but require a great deal of computer memory £md execution 
time. Shapes that fall in this category include s-shapes, z-shapes, pi-shapes and Gaussian shapes. Trapezoidal 
and triangular shapes have proven to be very easy to use, very computationally efficient, and quite adequate 
for a vast array of very complex problems. The drawback to using trapezoidal or triangular shaped fimctions 
is that they do not blend well at the extremes of their ranges. Additionally, automatic tuning of these shapes 
is not practical. 
The placement and overlap of membership functions along the universe of discourse has a significant 
impact on the degree of precision achievable over a specific region. More membership fimctions should be 
used over regions where more precision is required. Fewer fimctions may be used in regions where small 
changes in the output do not result in large changes in the output. Overlap in membership fimctins represents 
the degree that adjacent fimctions share the same range. Excessive overlap can lead to system instabilities. 
Higher degrees of overlap permit the system to tolerate noisy or ambiguous input. Low overlap results in 
models with strong Boolean characteristics. No overlap implies a complete reversion to Boolean logic. There 
are guidelines for establishing overlap established in Heske [38]. 
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• The entire universe of discourse should be a member of at least one fiizzy membership set 
• Most of the points should be a member of two sets. 
• Only one membership fimction should be a maximum at a given point in along the universe of discourse. 
• The sum of overlapping membership functions should lie between 0.5 and 1.0. 
Symmetry with respect to all of the fiizzy sets of a bipolar variable implies that the underlying model 
behaves symmetrically about zero. If the model behaves asymmetrically the membership fimction 
partitioning should reflect this. Symmetry with respect to the mavimnm of an individual membership 
fimction must also be considered. An asymmetric fimction has either side with a different slope. The steeper 
slope represents greater sensitivity to changes in the values along the universe of discourse. Appendix D 
provides examples of input parameter fimction shapes and corresponding fiizzy range shapes. 
8.2.4. Elichation of rules 
This step requires a competent domain expert In tradition fiizzy logic design there is a significant 
chance of rule conflict especially when the system is complex. However. Combs' Method does not present 
this difficulty and writing rules becomes much easier. 
8.2.5. Simulation of the model 
Fuz^ reasoning requires three steps: (1) flizzification of input conditions. (2) inference, and (3) 
defiizzification of the results. Fuzzification describes the process of transforming input into a fiizzy range that 
describes a value's degree of membership in a classification range. Full membership corresponds to a value 
of 1 while no membership corresponds to a value of zero. Partial membership in two overlapping ranges is 
also possible. Figure 8.2 illustrates this with the vertical line representing 0.25 membership in range 2 and 
0.75 membership in range 3. It is generally appropriate to represent membership ranges as triangular shapes 
as shown in Fig. 8.2. However, the membership fimctions can assume different even nonlinear, shapes. 
Fuzzy inference refers to the process of determining the membership values of the input conditions and 
relating them to the appropriate output conditions. The final step, defiizzification. describes the process 
Input 1 
Figure 8.2. Membership fimction shape 
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of transforming the output into practical, objective terms. The objective is to provide a single crisp output 
that best represents the whole of the input [38]. The process of SUM/PRODUCT together with CENTROID 
will be used. An example will be provided later in this chapter to illustrate this defiizziHcation procedure. 
Fuzzy logic can work with any valid rule configuration so all standard types of fuzzification and 
defiizzification methods can be used. Thus, any standard processes can be used with Comb's method. It is the 
inference process that Combs' method has significandy simplified. 
8^.6. Tuning 
Tuning refers to an iterative process of tweaking the membership ranges or membership function 
shapes to generate expected output The placement and overlap of the membership function is given a great 
deal of anention during tuning. This is an extremely difficult process when traditional fiizzy logic inference is 
used. The process is much easier when Combs' Method is implemented. One can accomplish system tuning 
in two ways. First, the specific ranges and range positions can be adjusted. Appendix D provides examples of 
input parameter function shapes and corresponding fiizzy range shapes. These examples may provide 
assistance in setting up and tuning fiizzy logic systems. 
The second way to tune the system is by utilizing universal weights. In situations where there are 
many input parameters it is often necessary to modify the importance of various inputs to reflect their relative 
impact on the final outcome. Universal weights can be used to vary the importance of certain input 
parameters. This will be illustrated by example in the next section. 
8 .^7. Integration into user applications 
Most fiizzy systems are integrated into a user application where they may be connected to other 
databases, graphics, user interfaces, or other preprocessing or post-processing procedures. Prior to 
implementation the developer should outline performance criteria for the final system to avoid unexpected 
limitations or constraints. 
8 .^8. Collection of performance data 
Many fiizzy logic systems provide for a means to collect data pertaining to how well the system 
accomplishes its goals. Even after the system is tuned it may be advisable to devise an evaluation method to 
track performance. 
83. Implementation of Combs' Method 
There are a few restrictions and rules to developing a system based on Combs' Method. Fu^t, the 
inputs and outputs must be monotonic sets. This means that once a value starts to move in a certain direction 
it must continue in that same direction. The value may stay at one level for a time, but it can never double 
back on itself. There are tricks that can be used in designing input sets so that they are monotonic. Often 
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these require decomposing an input parameter descripdon further. This is contrary to traditional fii2zy logic 
thought, which promoted pre-combining inputs to reduce the number of niles. An example of decomposing 
inputs is given in [36] where an insurance premium example is described. The original input was risk as a 
fiinction of age of driver. Both younger and older drivers presented increased risk to the insurer, where 
middle-aged drivers were of less risk. Thus, the input was not monotonic. Qose examination of the problem 
definition resulted in the age &ctor being decomposed into speed of reflexes and emotional maturity. Both of 
these Actors were monotonic in charaaer. Reflex speed decreases firom one extreme to the other, while 
emotional maturity continuously increases. 
Another consideration in implementing Combs' Method is that all inputs and the output must be 
divided into the same number of ranges since each input range is directly related to an output range. Thus, 
one must identify the maximimi number of ranges required and divide each input parameter and the output 
into the same number of ranges. 
Initially the method appears cumbersome because it is difBcult to think of each input range as 
independently impacting the output Typically, this is not so in the real world. This is one of the biggest 
challenges to designing a system using Combs' Method. However, the method works because all of the 
results are combined in the final step. 
8.4. Application to the Integrated Engineering Design Tool 
Fuzzy logic and specifically Combs' Method are used to represent the knowledge required to selea 
design parameters not provided in the design specification. These procedures are incorporated into the 
integrated engineering design tool. 
8.4.1. Excel model 
The c^)ability to develop fiizzy logic for knowledge representation is provided through an Excel 
spreadsheet designed to make development as straightforward as possible. Spreadsheet computation was 
selected because it is familiar and easily accessible to engineers. The prototype system was designed to 
include up to eight input parameters with 5 ranges. Expanding the prototype would be easily done using 
Excel's Copy and Paste capabilities. At the proof-of-concept stage the prototype was sufficient for the 
application considered in this research. The model is designed to accept direct or inverse relationships 
between input and output. It provides flexibility for tuning the input depending on the requirements for 
specific situations. Graphical presentation of the resulting fiizzy logic system is provided that includes 
representation of the specific inputs and resulting output of the system when it is utilized by the designer. The 
designer can also choose to alter universal weights to acconunodate the relative importance of the parameters 
in a given design situation. 
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8.4.2. Working with experts to develop fuzzy logic for knowledge representation 
The Excel model must be tailored to the current applicatioa. A generic process for developing the 
fiizzy logic representation of design knowledge was established and is discussed here. A specific example of 
the implementation of the model into the integrated engineering design tool will be provided in the next 
section. 
The first step is to establish the parameters to be selected by the lEDT user. These will typically 
include parameters whose values are not explicitly designated in a design spedficatiocL Fuzz>' systems permit 
the incorporation of other aspects of the design beyond the specific technical area under consideration. For 
example, the system can encompass economic and manufacturing considerations. Thus, concurrent 
engineering principles can be incorporated into the technical decision making process. Once the list of 
required parameters is established the knowledge engineer needs to work with domain experts to determine 
reasonable ranges for each of the required parameters. These may be linguistic or numerical descriptors (or 
both). Next, the expert must think carefully about each design parameter, one at a time. Beginning with a 
suitable design parameter the expert should brainstorm a list of all parameters that may be affected by the 
given design parameter. At first no attempt should be made to determine out how these parameters are 
affected or the relative importance of any of the parameters on the list The goal is a comprehensive list At 
this point the experts should be considering all aspects of the design including those charaaeristics generally 
considered by other disciplines (such as cost maintenance, manufacturing, etc.). Next Critical Success 
Factors Techniques, as discussed in an earlier chapter can be employed to identify the important parameters. 
Depending on the situation, it may be equally reasonable to woric with one or two experts in the domain to 
rank the importance of the parameters on the list The objective is to narrow the list to parameters that are 
considered very important by the expert when decisions are made about the design parameter under 
consideration. Relatively insignificant parameters or secondary parameters should be omitted fi'om further 
consideration. The next step is to establish a reasonable overall range for the remaining parameters, which 
have become the input parameters for the fiizzy knowledge representation model. Then the expert needs to 
decide on range subdivisions. The expert must then identify the maximum number of ranges necessary and 
go back and divide each input parameter and the output (design) parameter correspondingly. Descriptors for 
the ranges should correspond to a linguistic label (e.g. very low, low. medium, high, very high). The ne.xt 
step requires careful consideration and knowledgeable judgment because this is where the expert identifies 
appropriate numerical values to assign to each range. The expert must consider how the input parameter 
relates to the output parameter and assign numerical ranges accordingly. This process needs to be completed 
for each input parameter and the corresponding design parameter. It must be repeated for every design 
parameter needed in the integrated engineering design tool. 
Once the initial fiizzy logic representation for each design parameter is established the expert needs to 
examine how well the system behaves, i.e. how well it predicts the design parameter based on various sets of 
inputs. If the expert is not satisfied with the initial performance there are two options. The expert may adjust 
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the universal weights to reflect the relative importance of the input parameters or the expert can adjust the 
ranges of the input variables until performance is acceptable. This process requires manual iteration and 
expert judgment 
8.4.3. Example: Incorporation into aircraft wing design tool 
There are several design parameters that the engineer needs to select when considering a preliminary 
aircraft wing design. In the models described in a previous chapter, entitled Prediction Models, the following 
parameters were used to develop the initial design concepts: non-optimum weight &ctor. aspea ratio. 
specific fiiel consumption, thickness to chord ratio, taper ratio, sweep at quarter chord, structural box depth, 
and the ratio of wetted area to wing reference area. IDevelopment of fuzzy knowledge representation for each 
of these proceeded in the same manner as will be described in the following paragraphs pertaining to the non-
optimum weight factor. The fuzzy representation of each remaining parameter can be found in Appendix D. 
The non-optimum weight factor represents a multiplication factor used to increase the optimum 
weight (minimum weight possible) to account for various non-optimum stmctural weight sources including 
joints, non-tapered members, doublers. use of standard gauge sheet metal and miscellaneous other sources. 
Figure 8.3 illustrates a fiizzy knowledge representation for the estimation of a reasonable non-optimum 
weight &ctor. 
It is difficult to account for non-optimum weight by a rational analysis. Common practice to estimate 
the &ctor based on the expert's judgment pertaining to several of the faaors mentioned previously. Experts 
identified six important input parameters that influence the non-optimum weight factor. The corresponding 
ranges and universal weights for each of the input parameters are shown in Fig. 8.3. The negative range 
values indicate an inverse relationship between the input and the output The integrated engineering design 
tool user would need to estimate each input parameter along with its relative weight Additional guidance is 
available to a novice user so that reasonable choices can be made. 
The number of sections refers to the number of sections in which to divide the wing. The next factor 
accounts for increased weight due to joints. A flat sheet with a riveted joint that extends over the entire 
section would have a value of I.O. The third parameter, the joint efficiency will typically range from 0.70 to 
0.83 for modern transport aircraft Notice that the joint efBciency has a universal weight of 0.8 indicating that 
this parameter is not as important to the final estimate of the non-optimum &ctor. The fourth input parameter 
corresponds to the doubler effect that is present when compression or instability is critical. A double can be 
considered as an extra member of given length and cross-section. The factor is entered as a percent of section 
area. Different materials may be accounted for my using an equivalent area calculation. The fifth &ctor 
provides an estimate of the additional weight due to the use of non-tapered sheets. The planform taper ratio is 
used as the ii^jut parameter to represent this effect 
The final input parameter accounts for miscellaneous effects due to fuel tanks, bulkheads, cutouts, 
impracticality of varying the type of design along the span, removable doors, or reinforcing material required 
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to support local load points. This value typically ranges from 0 to 0.37 depending on how many of the 
miscellaneous sources of extra weight need to be included. In addition to providing users with a reasonable 
estimate of the non-optimum weight, the fuzzy representation allows users the opportunity to study the 
impact of their choices and conduct some what-if analysis. 
The fiizzy system model illustrated in Fig. 8.3 was manually tuned by a domain expert to perform 
reasonably well in the range of interest pertaining to conunercial jet aircraft design. This was done by 
iteratively tweaking the input membership functions and observing the corresponding output until the expert 
was satisfied that the relationship between the inputs and the output represented the domain. 
There are six other similar representations developed for the wing design lEDT. Details and 
discussion of each of these can be found in appendix D. 
8 .^ Adaptability 
Utilizing Comb's Method to represent depth knowledge provides a means for depth knowledge to be 
encoded in Excel rather than using a knowledge-based system. There are other advantages to the end user. 
First, the user does not need to provide the developer with any sensitive data or proprietary information. The 
developer can provide a generic representation of the knowledge with otily the following information: the 
number of predictor variables, the number of categories, and whether the relationship between each input 
parameter and the output is a direct or indirect relationship. 
Second, the knowledge can be tailored by individual experts to meet particular viewpoints and 
experiences. The lEDT provides the user with tools to simplify the process of adapting the relationships. An 
example of the help interface designed for this purpose is shown in appendix D. A similar interface sheet is 
provided for each parameter within each Comb's Method implementation. 
The help interface provides the user with the current input and output ranges and graphical 
representations of these ranges. There are also instructions as to how to use the help provided to the user. The 
help interface is linked to a 'Tips' worksheet where the user can find additional guidance regarding altering 
the relationships embedded in the worksheet. The input cells are color-coded bright yellow, consistent with 
the entire lEDT interface design. 
Excel's Solver routine is employed as the means for which the user can establish the range limits. The 
user must start at the lowest range to be altered. The desired input and corresponding output value are 
entered. Also the range limits for the output as well as the lower limit for the input must be entered. The user 
is then provided instructions to use Solver to find the input range limit that provides the needed mapping. 
Note that the expert must decide on the output range values and must use these values to map to each input 
parameter. The expert must manually keep track of the changes in the designated cells and remember to 
make the changes on the first sheet of the workbook where all of the input-output relationships are recorded. 
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Number of Sections 
10 -8 -6 -4 -2 
Universal Weight 
I 
% Joint 
Joint Efficiency 
-0.85 -0.8 -0.75 -0.7 
% Doubler 
0.1 0.3 0.5 0.7 0.9 
Taper Factor 
1 • 
1 
0 0.2 0.4 0.6 0.8 1 
Miscellaneous Sources 
Non-optimum Weight Factor (Output) 
Figure 8.3. Combs' Method applied to the non-optimum weight factor 
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9. SENSITIVITY ANALYSIS 
9.1. Background 
Part of the engineering design evaluation process should include sensitivity analysis. Such analysis 
can provide the designer with tremendous insight into the state of the proposed design. The design results 
depend heavily on the selection of parameter values, which are often uncertain early in the design or subject 
to alterations as the design process continues. The designer is able to ascertain relative sensitivities of the 
output to various input variables. When sensitive variables are altered, there is a greater change in the output 
value compared to changes in less sensitive variables. Thus, the designer can discover which of the input 
variables cause the most significant change in the output and which input variables will not affect the output 
even if they are significantly changed. 
There are several advantages to conducting sensitivity analysis early in the design process. The 
designer can quickly determine which parameters drive the design and thus where efforts should be 
concentrated to realize the greatest potential benefits. Sensitivity analysis also helps the designer identify 
areas where technology improvements should be sought if the design specifications are to be satisfied. For 
example, sensitivity analysis may indicate that the value for an input variable is not achievable with current 
technology. Therefore, the analysis can be used to establish new research and development objectives so that 
new target can be met. Finally, and probably most significant to preliminary design, sensitivity analysis 
permits the designer to investigate the impact of parameter value selection in the case where the values are 
uncertain or unknown. The designer can quickly evaluate the impact that an optimistic or pessimistic choice 
has on the design. If there is little difference in results, then there is not immediate need to learn more about 
the parameter. However, if its impact is significant the designer is confronted with the need to identify a 
more accurate input value up-front in the design process. Practically speaking, preliminary design can 
progress more expediendy if design sensitivity analysis is conveniently incorporated into the Integrated 
Engineering Design Tool (lEDT). 
9.2. The Finite Difference Approacli 
As discussed in previous chapters, the lEDT incorporates several prediction models, each of which 
depends on many input variables. A finite difference approach can be used to calculate the output sensitivity 
to changes in input values for each model. In this approach, the input variables are examined one at a time. 
One word of caution should be noted. It may be possible mathematically to hold all but one parameter 
constant, it may not always be practical to change one parameter without changing any other. The input 
variable under consideration is incrementally changed and the resulting change in output can be recorded. If 
the designer wishes to establish a sensitivity trend, the procedure can be repeated over a range of input values 
and the results can be graphically presented as change in output versus change in input. Relatively steep 
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slopes in the output would indicate more sensitivity, where flat responses would indicate little or no 
sensitivity. 
Sensitivity analysis was incorporated into the lEDT so that the user can control the direction of the 
design and analysis. The lEDT provides are two ways in which the designer can perform a sensitivity study. 
The first option allows the user to examine each individual variable over an input range of the designer's 
choosing. The results are graphically presented for examination. This option does not permit the user to 
easily compare the simultaneous responses of all of the input variables. The second option permits the user to 
compare the relative sensitivity of all of the input variables by permitting the user to select one percentage 
increment for each variable and examine the relative effects on the output The user can quickly see which 
variables are impacting the design more. Each option will now be discussed in detail. 
9 .^1. Studying each parameter over a range of input values 
The first option permits the user to examine the impact of altering an individual parameter over a 
range of input values to establish trends. The analysis is set up so that the designer can examine any or all of 
the input parameters independently to discover their impact on the design. However, only one input variable 
should be studied at a time. This study does not directly address any combined affects of changing more than 
one variable at a time. 
The procedure is implemented in an Excel workbook by copying the original worksheet containing 
the prediction models onto ten separate worksheets in the same workbook. These worksheets are linked to 
master input worksheet where the designer can input upper and lower limits to any one of the input design 
variables or utilize preset limits. Each of the remaining variables is held at its initial design value. Excel 
calculates the resulting range for the variable under investigation, which is equal to the difference in the 
upper and lower limit. The input range is then divided into ten increments. Each worksheet calculates the 
model output one of the ten input values. 
The difference in the output value relative to the output for the initial conditions is then calculated 
using equation 9.1. The results can be normalized to the initial value to obtain a percent value of desired. 
This capability is also built into the sensitivity analysis, and the calculation is shown in equation 9.2. 
^Output = Output^ — Output (9.1) 
^Output = O^tpM new-Output 
Output„j 
(9.2) 
The step size can be adjusted by changing the input range. It can be shifted laterally to look at an 
extended variable range in one direction if one is interested in variable changes in only one direction. The 
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range can also be broadened or narrowed by an alteration in the upper or lower boundaries of the range. 
However, the initial value should be included within the range in every case. Thus, the designer has some 
built-in flexibility when conducting sensitivity analysis over a range of input values. 
The user has access to graphical representations of the sensitivity analysis. Plots of the absolute 
changes in the output variable relative to the change in the input parameter are available, as are plots of the 
normalized changes in the output variable relative to the change in the input parameter. Sensitivity analysis is 
available for each model used in the EEDT on each of the plots. This permits the designer to graphically see 
how each of the models is affected by the changes in the input. Presenting many sensitivities on one graph 
permits the designer to quickly assess the global effects of proposed changes. 
9,2 Comparing all of the input parameters at one time 
The second option permits the user to compare the design sensitivity to changes in input parameter 
values to identify to which input parameters the design is most sensitive. The original worksheet model is 
copied to other worksheets within an Excel workbook and linked to a master worksheet where the user inputs 
a percent change, either positive or negative, for each input variable. The percent change may or may not be 
of the same magnitude and sign. There should be as many worksheets as there are input variables. Each 
worksheet will be linked to one input variable so that when the user changes the input value, the output is 
recalculated on the corresponding worksheet. The output of each model for each new input variable is 
calculated and compared to the original value. The results for every variable are presented on the same graph 
so that the user can easily identify which variables produce more significant results. This study provides the 
user with insight as to which parameters to consider changing to improve the design based on the design 
objectives. 
9,3. Implementation into the wing design lEDT 
The above theory and modeling descriptions are put into practice in the EEDT developed for the 
conmiercial jet transport wing preliminary design domain. The calculations are done in a linked Excel 
spreadsheet envirorunent with user-input worksheets, a master worksheet, and model calculation worksheets. 
93.1. Studying each parameter over a range of input values 
The first step in the development of this portion of the sensitivity study was to create and link the 
Excel workbooks. The original Excel worksheet that houses the prediction models was copied and pasted 
into a new workbook designated for the sensitivity study. Since the input parameter range is divided into ten 
even increments, ten copies were made on ten worksheets within the workbook. One additional worksheet 
was copied that will be used to calculate model results based on the original input parameter values. The next 
step was to develop a master worksheet that controls the subsequent calculations. 
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as shown in Fig. 9.1. Across the top of the master worksheet is a record of the current design parameter 
values, and the range limits. Under these cells is a record of the current range limits and the increment value. 
Note that the maximum and minimum values for the parameters that are not under consideration are both 
equal to the current design input value and the corresponding range increment is zero. The parameter under 
investigation will have a maximum range value different from the minimum value and a non-zero range 
increment 
Below these cells the incremental values for ten design increments and the original input parameter 
value are stored. Each of the cells is linked to a different corresponding worksheet in the workbook that 
contains ten copies of the original model worksheet. Therefore, each of the corresponding worksheets will 
calculate model results based on the incremental change in the designated input variable value, while keeping 
all other variable values set equal to their current design value. 
Next, plots of the sensitivity output were developed for each input parameter. The plots are stored in 
individual Excel files that will be linked to the user-input worksheet There are three plots available for each 
parameter. The first plot shows the resulting wing weights for each design prediction model at each 
incremental value of the input parameter under investigation. The second plot shows the gross take-off 
weight of the aircraft for each incremental value of the input parameter under investigation. The third plot 
shows the percent change in wing weight for each model and the percent change in take-off weight from their 
original values. 
Once the sensitivity analysis master worksheet and corresponding plot files were completed, a user-
input worksheet was designed. The user-input worksheet, shown in Fig. 9.2, is the only worksheet the user 
will see. It contains a column where the user can identify which parameter to investigate and columns where 
the user can designate the minimum and maximum limits of a particular parameter input range. The current 
design parameter values are provided for reference. The user can also opt to use the default parameter range. 
The columns are color-coded so that the user knows which cells are to be used for input and which house 
calculated values. There are also comments inserted in various cells to guide the user in making choices and 
using the worksheet Finally, the right-most column on the user-input page is reserved for accessing the 
resulting graphical output for the parameter under investigation. When a variable is selected for study, the 
corresponding cell in this column will become active and the user may click on it to pull up the appropriate 
plots. 
93 .^ Comparing all of the input parameters at one time 
The alternative sensitivity analysis procedure where the user may compare the relative impact of all of 
the input parameters may be accessed via the default user-input sheet for sensitivity analysis. A hyperlinked 
cell in the upper right-hand section of the worksheet activates the procedure. The user-input sheet is shown in 
Fig. 9.3. The design value is automatically copied to this sheet The user must input a percent value, in 
decimal format by which the design value will be changed. This tolerance can 
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1 TSFCcn« (Ibflb/hr) 0.68 0.1 
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3 Aspect Ratio 7.7 0.1 
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5 Cruise Altitude (ft) 31000 0.1 
6 Sweep at Quarter Chord (deg) 28 0.1 
7 Planform Taper Ratio, X 0.35 0.1 
8 Thickness to Chord Ratk>. t/c. avg 0.105 O.T 
9 Thickness to Chord Ratio, t/c. root 0.11 0.1 
10 Thickness to Chord Ratio, t/c, tip 0.1 0.1 
11 Wetted Area to Wing Ref. Area, Sw/Sr 6.5 0.1 
12 Rrst Cruise Range (nm) 3700 0.1 
13 Loiter Time (hr) 1 0.1 
14 Cruise Mach Number 0.8 0.1 
15 Load Factor 3.8 0.1 
16 Number of Engines 2 1 
17 2nd Cruise Range (%) 0 0-1 
18 Take-off Reld Length (fl) 5900 0.1 
19 Wmg Loading, W/S (lb/ft) 104.00 0.1 
20 Non-optimum Weight Ratio, kx 2.12 0.1 
21 Structural Box Depth (%) 0.64 0.1 
22 Streamline Thickness Ratio. mnexMa 0.11 0.1 
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Figure 9.3. User-input woiksheet for simultaneous sensitivity analysis 
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be positive or negative. The user can choose to input consistent values for all parameters or may choose to 
input different values for every parameter. The altered value is displayed in the right-most column. 
As with the other sensitivity analysis procedure, a separate workbook was created where copies of the 
original Excel worksheet model are stored on separate worksheets. There is one copy for each input variable 
and one for the original input values. Each worksheet corresponds to one input variable and is linked to the 
appropriate altered value cell. Thus, each worksheet will calculate model results based on altering one input 
variable by a user-specified amount The results of this study can be examined graphically by clicking on the 
appropriate cell at the bottom of the user-input column. The user is provided with output tbat indicates the 
relative impact of each parameter. The user is also provided with information regarding which parameters 
most significantly impact the output of each model in both a positive and negative way. The information is 
provided at the bottom of the user-input page for the procedure, as shown in Fig. 3. Once the comparative 
study is complete, one m^ return to the previous sensitivity analysis user-input page, or return directly to the 
main design sheet, by clicking the appropriate cell at the top left-hand section of the worksheet The de&ult 
user-input sheet for the sensitivity is also linked to the main design worksheet with a hyperlinked cell in the 
upper left-hand section of the woricsheet The user can click on this cell to return to the main design 
worksheet 
9^J5. An example 
The preceding sections described the sensitivity analysis in general terms. It is now appropriate to 
examine an example to demonstrate the features of the sensitivity analysis incorporated into the OEDT and 
how the previously mentioned advantages to performing sensitivity analysis are realized. Once an initial 
design is proposed the user m^ chose to perform a sensitivity analysis. Since, there are two approaches to 
sensitivity analysis, this example will begin with the de&ult woricsheet that permits the user to study the 
effects of changing an input variable incrementally over a range of values. The designer is free to study any 
one variable at a time by entering a 1 in the first input column. If the user attempts to examine more than one 
parameter at a time, an error message will appear. The example will illustrate the sensitivity of the design 
models to passenger payload, so a 1 is placed in the appropriate cell, as shown in Fig. 9.2. The de&ult range 
will be used. One can observe that the maYinnim and minimnm range on the master sheet Fig. 9.1. reflea the 
de&ult passenger number limits and the increment (Delta) reflects a range divided into ten equal increments. 
One can also observe on the master the incremented values that are used in the linked worksheets to calculate 
the output Note that the other variables are all set equal to the design values referenced at the top of Fig. 9.1. 
When a parameter is selected for smdy, the graphical output of the take-off weight and wing weights 
for the models as well as a plot illustrating the normalized change in output are made available by clicking on 
the highlighted cell in the last column. Fig. 9.2. Examples are shown in Fig. 9.4 through Fig. 9.6, 
respectively. The user can quickly see the sensitivity of the number of passengers on the proposed design by 
examining 
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the relative steepness of the slopes. The user may also determine estimated wing weight for input variables 
in the input range and possible identify a preferred design directly from a figure such as that shown in fig. 5. 
The graphs show the sensitivity of each prediction model on the input variable being smdied. Therefore, the 
user can gain a ballpark feel for the overall impact of the input parameter. 
The preceding figures provide valuable information to the designer regarding the impact of passenger 
number. First, each figure shows the trend in the output over the range of the input parameter under 
consideration. In this example the proposed number of passengers is 50. The range considered is from 40 to 
60 passengers. Thus, the figures show that a decrease in the proposed parameter value will result in a 
decrease in weight, where an increase in number of passengers will add weight to the design. This procedure 
provides the designer with the capability to explore the impact of selecting values without a great deal of 
certainty. Early in the design process there are many parameters that may only be estimated roughly. 
Utilizing different ranges permits the designer to examine how the uncertainty will jiffect his confidence in 
the design solution. In the current example the relationship is approximately linear, so it is possible to 
determine the slope and thus quantify the expected change in weight for a specified change in passenger 
payload. For the current example, the designer could expect about a 70 lb change in wing weight for a change 
of one passenger according to Raymer's model. Taking all models into account, the designer could expect 
approximately a 64 lb. change in wing weight for each passenger. In nonlinear cases, the designer can reach 
similar conclusions. If the design parameter is in a region where there is a fairly flat output response, the 
parameter selection is relatively unimportant. If the parameter is close to or within a region of steep slope, the 
142 
designer must study the choice more carefully. Figures 9.4 and 9.5 provide actual weight estimates across the 
input range. In some cases it may be possible to identify an input parameter value that satisfies the output 
design objective, in this case a target wing weight Figure 9.6 provides a relative comparison of the 
sensitivity of each model to the input parameter. The figure shows that the ModelQuest model is more 
sensitive and take-ofT weight is sli^tly less sensitive to the other wing prediction models, which all show 
approximately the same sensitivity. It should be noted that the ModelQuest model is not directly dependent 
on the passenger number, but is indirectly dependent through the take-ofi' weight, which changes directly 
with passenger number. This sensitivity analysis procedure will help the designer determine if current 
technology is adequate to meet the current design specifications. If the entire feasible range for a given input 
variable is investigated and a reasonable solution is not approached, this may indicate an area for expanded 
research and development For example, specific fiiel consumption depends on current engine technology, 
which may need to be improved or at least more closely examined in some design situations. The sensitivity 
analysis will help the designer identify such situations. 
Aside fiom examining the impact of individual input parameters over a range of values, the user may 
wish to determine the most sensitive parameters. Fig. 9.3 showed the user-input worksheet where a positive 
10% change in each input variable is examined. Recall, the Excel woricbook is created so that each variable is 
considered separately and it is only the results of each model that are assimilated. Figure 9.7 showed the user 
that the first cruise range input parameter results in the largest weight increase for most models. Individual 
models are impacted differently by the various input parameters when weight decrease is considered. This 
indicates that several input parameters should be considered when attempting to improve the proposed 
design. For this proposed design, the wing loading parameter will have the greatest impact on the average 
wing weight The user can also view the aggregate results graphically, results for the example are shown in 
Fig. 9.7. The process ultimately provides the user the opportunity to identify which variables have the most 
effect on the output and opt to only consider those in the remaining design iterations. 
9.3.4. A final note of caution 
As mentioned previously, it is not always possible to change only one variable. Roskam provides a 
good example relative to wing design. It is not possible to increase cruise speed alone. Practically, when the 
speed is increased the cruise lift is decreased, which often translates to a decrease in specific fuel 
consumption. Thus, changing one input parameter results in changing at least two others in this case. 
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10. EVALUATION OF THE PROTOTYPE lEDT AND CONCLUSIONS 
10.1. Background 
This chapter will describe evaluation procedures developed for the Integrate Engineering Design Tool 
(lEDT) for commercial jet transport aircraft wing preliminary design. In particular, there is a description of 
how the tool meets the requirements of both the preliminary design domain for a jet wing as well as how the 
tool meets the objectives outlined for the lEDT. These sections are followed by a description of how the 
lEDT addresses the levels of cognition described by Bloom and discussed in a previous chapter. Finally, 
recommendations and plans for future woik will be discussed. 
10.2. Meeting Objectives and Requirements 
How well the EDT actually meets its primaiy objective, to be an effective preliminaiy wing design 
tool, is left for fiiture investigation since quantitative evaluation requires time and resources beyond the scope 
of the ctnrent research. However, the manner in which many of the supporting objectives and requirements 
were met can be reviewed. 
10.2.1. Usability 
Several features were built into the system to promote usability. The EDT is entirely housed in Excel, 
a familiar spreadsheet that is common to the engineering profession. Excel has many convenient features that 
were employed in the design of the system. The use of ceil comments provides a convenient means to 
provide easy access to instructions and low-level design knowledge and expert guidance. Such comments can 
be used wherever they are necessary to give novice designers or users help. The user accesses the comments 
by placing the mouse pointer over the ceil. Commented cells are indicated by a small red triangle in the upper 
right band comer of the cell. 
One of the more powerful Excel fimctions that was used extensively is the hyperlink function that 
permits users to link to the internet, to other Microsoft* software packages, and executable code without 
leaving Excel. Utilizing the hyperlink fimction to provide access to the Internet allows the user to examine 
vast amounts of information from many sources without huge local storage requirements. Excel also provides 
an optimization tool, called Solver that allows the user to optimize parameter values within user-provided 
constraints. An advantage to using Excel functions whenever possible is that Excel provides extensive on­
line help for the user. 
Care was taken in creating the user inter&ce for the lEDT. Besides providing instructions to the user, 
the cells were color-coded to make their function clear to the user. Yellow background was used for user 
input Any cell in any workbook that was yellow could have its value changed. Ail hyperlinked cells were 
aqua and had underscored text Results were backed with a salmon or orange color pattern. Historically 
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predicted results were provided in cells with very light yellow background. Red background is used to 
indicate navigation cells. These are used to instruct the user about navigation options and file handling 
options built into the lEDT. These cells will tell the user if a file must be opened or closed, or whether the 
user can return to the main interface or the previous (most recent) workbook. This color pattern is maintained 
consistently in every workbook linked to the main user interface. 
When the input value needed to be given in specific units, those units were indicated in the cell. If the 
user found that it was necessary to convert to these units, a unit conversion module is available. Designing 
the user interface as an Excel workbook made it look familiar to anyone who has used spreadsheets. 
The interface is designed so that the input is requested in a logical order that is consistent with the 
design process used in preliminary design of the aircraft wing. Additionally, the input was grouped into 
functional categories. Likewise, the output was presented in a logical order within fiinctional categories. 
Input validation is also built into the user interface to alert the user when input is not consistent with 
the database upon which the IHUT was built. The database limits are also provided on the main user interface 
in pale green cells. The error messages not only alert the user that input is incorrect, but also provide specific 
guidance about the nature of the error and how to correct iL The lEDT also provides the user with design 
assessment and feedback. The designer has access to historical data on both input and output parameters for 
comparison. The designer is also given a reference value for the ratio of wing weight to take-off weight and 
the historical reference. Historical trends are also available, many of which contain prediction models. 
The final objective related to usability is that it be easily adaptability. Utilizing the familiar 
environment of a spreadsheet makes the task of updating the lEDT easier for a user that has a working 
knowledge of spreadsheets. Comments and guidelines can easily be edited. To make sure that the user can 
make more complicated changes, the lEDT has been designed with instructions for accomplishing the more 
likely alterations. The user can also access the Excel on-line help for further instructions. Adaptability is very 
important to the lEDT design for many reasons. First, as was previously discussed, knowledge and modeling 
strategies change as new designs and data become available. In some cases new knowledge may render 
previous knowledge obsolete. Therefore, it is necessary to build a system that can be easily updated or 
expanded when necessary. Second, preferences among experts may differ and the same experts may change 
his perspective over time. Thus, providing individual experts with the opportunity to alter the tool to suit 
specific preferences gives tremendous flexibility to the user. Individual experts can tailor the tool to their 
needs and adjust the tool as his needs change. Procedures for the alteration of the depth knowledge encoded 
using fiizzy logic were discussed in the chapter entitled, 'Fuzzy Logic'. Third, adaptability permits some 
information to be kept confidential or proprietary. Experts may input their particular data without providing it 
to other users. 
In addition to adaptability, the lEDT has been designed in an environment that provides oppcrtimity 
for easy interface with other tools and executable programs. As mentioned before, the hyperlink fimction 
provides the user with simple links to necessary knowledge and tools. Examples of these links were 
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discussed in detail in the chapter entitled, 'Putting it All Together'. Excel has other methods of inter&cing 
that were not explored for this research. For example. Excel has protection features that may be employed to 
protect cells and workbooks that the EEDT designer does not want the users or experts to alter. The research 
prototype was not protected and this feature was not further explored. 
10.2.2. Functionality 
The design process, calculation methods and prediction models that were built into the lEDT are 
conunonly used in the aircraft industry or were developed based on historical data. In addition, expert 
knowledge was incorporated where it was deemed that the novice might need it The depth and complexity of 
the knowledge depended on the situation. These ranged from simple comments to fuz2y logic programming 
using Comb's Method. The knowledge embedded in the lEDT supports the level of decision niaking required 
at preliminary design of aircraft wings. 
The lEDT was tested using historical design examples for commercial aircraft of different sizes. A 
description of the five case studies used is given in Table 10.1. The wing weights predicted by each of the 
models for the five case studies are shown in Fig. 10.1. along with the actual wing weight the average 
predicted wing weight, historical prediction and historical trendline. One can observe from this graph that the 
models establish a ballpark wing weight estimate at preliminary design. With the uncertainty and imprecise 
nature of parameter value selection at this stage in the design process, the ballpark results are a meaningful as 
possible to the designer. 
Table 10.1. Case Studies 
Case Study Aircraft Model Take-ofT Weight 
Number Ob) 
1 Leaijet 13.500 
2 Boeing 737-200 115,00 
3 Boeing 727-100 160.000 
4 Airbus 300 291,070 
5 DCl-10-30 555.000 
Figure 10.2 shows the percent error in wing weight prediction for the different models. Table 10.2 
presents numerical values. Note that some models predict better at some take-off weights, while others are 
better at other take-off weights. Thus, the designer is provided with an opportunity to judge results based on 
different prediction strategies and does not rely on one model that may not be the best predictor at a given 
take-off weight It should be pointed out that every attempt was made to identify accurate historical values 
for the input to the models. Unfortunately, it was not possible to validate the input since the information is 
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proprietary to the industry. Therefore, the developer was forced to rely on values reported in references 1 - S. 
Therefore, some model accuracy may be sacrificed. 
The lEDT was also tested for take-off weight prediction capabilities using the five case studies. The 
results are shown in Fig. 10.3. The largest prediction error was ten percent, and three of the five models had 
errors within 3.5 percent 
Table 10.2. Percent errors 
%error %error %error %efror %error %error 
Test Case Raymer Roskam 
(GD) 
Torenbeek MQ Average Historical 
1 -41.9% -62.7% -36.3% -14.7% -38.9% 16.4% 
2 -23.2% -27.0% -5.0% -26.8% -20.5% 8.5% 
3 20.9% 4.5% 34.7% 9.5% 17.4% 16.9% 
4 -1.6% -5.9% 10.5% -1.8% 0.3% -15.7% 
5 -0.8% -9.2% 26.4% 12.0% 7.3% 7.3% 
max 20.9% 4.5% 34.7% 1Z0% 17.4% 16.9% 
min ^1.9% -62.7% -36.3% -26.8% -38.9% -15.7% 
average 17.7% 21.9% 22.6% 13.0% 16.9% 13.0% 
600000 
500000 
a 400000 
i 300000 
0 200000 
1 100000 
+ Actual 
• Predicted! 
1 2 3 4 5 
Case Study Number 
Figure 10.3. Take-off weight predictions 
10.2 .^ Maintainability 
Excel provides a convenient means for a user to trace dependent and precedent cells. This allows the 
user to determine what calculations precede a cell result as well as which cells depend on the results of the 
cell. This is a valuable debugging tool and of great assistance to an expert attempting to understand or make 
changes to the lEDT. 
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10.2.4. Efficiency 
The lEDT is designed to provide users with all of the information required to design a jet transport 
aircraft wing in a convenient and easy to access format The goal is to save the designer Hma and effort by 
supplying the needed information at the designer's fingertips. Examples of how convenience was built into 
the lEDT include: reference graphs showing relationships between input and output variables, access to an 
historical database, access to historical and design trends, access to the Federal Aviation Regulations, (Part 
25, jet aircraft design regulations), and access to a finite element model that predicts stresses and stiffiiess. 
In addition to providing the required knowledge and data, the lEDT incorporates all of the necessary tools to 
accomplish the design objective for the wing. Included in these tools are the capability to obtain prediction 
model results, the ability to perform sensitivity analysis to determine the important parameters for the 
proposed design scenario, the abili^ ' to perform structural analysis to determine stresses and deflections, and 
the abili^  to predict costs. The user does not need to exit the lEDT and employ other software resources to 
obtain a feasible design. 
Modularity of the system resides in the use of different workbooks and worksheets to house different 
functions. 
10.2.5. Effectiveness 
Utilization of Excel as the interface and shell for the lEDT provides some additional benefits not yet 
discussed. Excel is a very familiar and conmion piece of software. Spreadsheets have been extensively 
utilized by many types of industry for many purposes for years. Most companies already own the software so 
there is no significant software investment required. Additionally, most engineers know how to use 
spreadsheets, thus, the learning curve for the lEDT is shorted by using ^ miliar software. 
10JL6. Suitability 
The lEDT can operate on a PC with N^crosoft® Windows and OfBce97 installed. No other support 
software is currently needed. 
10.2.7. Cost 
The cost of the development software was kept well within the $3,000 limit set in the requirements. If 
the software used to develop the models was purchased from a retailer the total cost would be approximately 
$2,000. The development software included Excel, Word, Mathcad, and ModelQuest 
10.3. Meeting Software Objectives 
The lEDT for the aircraft wing was developed so that all of the knowledge and tools could be embedded 
within Excel. The primary motivations for using Excel as the shell software were threefold. First, Excel is a 
popular spreadsheet package that is prevalent ia most industries, relatively inexpensive to purchase, and 
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familiar to most engineers. Thus, implementation in other application domains would require minimal 
software investment Additionally, practicing engineers should have less difficulty learning and iKang the 
lEDT since it is housed in familiar software. This points to an issue that has been raised with regards to 
usability. Since an lEDT requires a great deal of resource commitment, it must be easy and effective to use so 
that management will see a return on the investment Employing familiar software will reduce the user's 
learning curve so that the system can be successfully used to enhance design productivity. It should also 
make it possible for casual users to utilize the lEDT without the excessive ficustration of releaming the system 
each time. Utilization of ^ miliar software also makes it feasible for individual users to customize the lEDT 
to suit their needs and experience. 
Second, Excel has many powerful fimctions and routines that can be taken advantage of by the developer 
and the end-user. These include the hyperlink fimction that was extensively used to link different modules. 
The hyperlink function allows the user to access other Microsoft software packages, databases, the internet 
and executable code without exiting Excel. The Solver tool is an Excel routine that can be used to solve for 
an optimized parameter value by allowing specified cell values to change. The user can also impose 
constraints on the solution if appropriate. The chart capabilities can be used to provide users with easy 
graphics. The data can be analyzed using the trendline fimction to find an appropriate mathprnatirai 
prediction model descnbing the relationship between the parameters. Excel has built-in statistical curve 
fitting routines that provide both the equation and the regression coefBcient to the user. The regression 
coefBcient can be used to assess the quality of the mathematical model representing the relationship. These 
models can be easily updated as new data becomes available. In addition to the statistical curve fitting. Excel 
provides many other statistical tools as well as other built-in fimctions. Excel also has many formatting tools 
the developer can user to design an effective inter&ce. 
Third, Excel is appropriate to many application domains and thus techniques developed in one 
application can be adapted to another. Additionally, spreadsheets are used extensively for management and 
business. These activities are critical to design in the real world and can be incorporated into the lEDT. For 
example, if spreadsheets are used for cost estimation, the lEDT can link to the relevant worksheets so that the 
engineer can consider costs directly in the design process. Similarly, other design engineering groups will 
have their own sets of goals and requirements for the design that my not always fit with those of the current 
design group. These groups can develop their own models and embedded knowledge and link these to the 
lEDT so that the designer can consider other design issues. In summary. Excel provides the flexibility 
required of an lEDT at an affordable cost with the added advantage of user ^ miliarity. 
10.4. Bloom's Taxonomy 
The lEDT has been developed as an aid to a novice aircraft wing designer and thus includes features 
that support the cognitrve levels of Bloom's taxonomy. 
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Since design has been shown to be a cognitive process it stands to reason that a tool created to support the 
design process must support the different levels of cognition, as defined by Bloom. Some features address 
more than one cognitive level depending on the purpose for which the feature is iitili7pH 
10.4.1. Knowledge level features 
Knowledge level cognitive activities include tasks such as recognition, definition, identification, and 
other sur&ce level processing tasks. The EEDT is designed so that the user can easily recognize cell functions 
based on background colors that were consistently used throughout the system. The user can quickly 
recognize input cells, output cells, and hyperlinked cells. Navigation ceUs that help the user get around in the 
EEDT are also color coded for ea  ^identificatioiL The user is also provided with cell labels that are consistent 
with terms and aircraft design domain vocabulary. The expeaed units for the input parameters are those 
common to the aircraft design domain. The units are provided explicitly to the user for every input 
Appropriate labels and units also accompany the output values. 
The user is provided with drawings that show the user parameter definitions. For example, the user 
can access a drawing that illustrates the important wing dimension parameter names. In the case of the box 
depth input parameter, the user can access a drawing that illustrates what the structural wing box 
configuration looks like. Additional definitions are given in the cell comments. The user also has access to 
databases for historical wing designs, available engine technologies and Federal Aircraft Regulations, Part 
25, for reference information. 
Another type of knowledge level feature incorporated into the lEDT is clear user instructions. For 
example, the user is given specific instructions regarding when it is not appropriate to replace cell values. He 
is also given warnings regarding alterations of certain data. Specifically, he is explicitly warned that 
alteration of embedded depth knowledge by users without extensive domain expertise is ill-advised. In cases 
where the user must utilize an Excel routine, such as Solver, the user is given clear step-by-step instructions. 
The intent is that a user can utilize the EEDT without understanding spreadsheet fimctions or routines. 
10.4.2. ComprehensiOD level features 
At the comprehension level, the tasks include classification, explanation, and understanding. The 
EEDT attempts to organize all of the design knowledge and tools in a convenient and efficient way. Thus, the 
user has access to expert knowledge when it is needed. Another example is the linking to graphical 
information and depth knowledge such as the Unk to a graph predicting maximum lift coefficient that is 
accessible fix)m the cell with that label. An additional means of classification is the order of the input and 
ouQ}ut, which is organized according to the order in which the designer uses information. 
There is a great deal of sur&ce knowledge incorporated into the lEDT via cell comments. These 
comments are meant to help the user understand how to select parameters and ioterpret the results. In the case 
of input, the user is provided with expert advice regarding typical ranges the input parameter ^ s withia For 
153 
example, the user is explicitly told, via cell comments, ^ ical design ranges for the box depth as a percent of 
chord and the specific fuel consumption. The user also has access to text boxes that accompany graphs and 
hyperlinks to provide the user with additional guidance from experts relevant to the use of these. A good 
example of this is provided in the leading and trailing edge module where the user is provided with drawings 
of the various configurations accompanied by explanatory expert comments and characteristic graphs. 
There are also several graphs of historical trends that the user can access to enhance his understanding 
of how a parameter impacts the design. Additionally, the user has access to a matrix that indicates whether or 
not there is a relationship between parameters and. if so. whether it is direct or inverse. In addition to 
historical data, graphs are also used in the depth knowledge worksheets to help the user see how the predictor 
parameters balance against the output 
10.4.3. Application le^el features 
Application level tasks include the fuzzy logic implementation of depth design knowledge that can 
assist the user in selection of input parameter values. The user may choose to use the help in design cases 
where the designer is not provided with a parameter value in the design specification nor has no strong 
opinion regarding what the value ought to be. Application level tasks also include interpretation and simple 
calculations. The user is provided with a graph of historical data representing the ratio of aileron span to wing 
span versus aileron chord to wing chord. An estimation function was developed based on this graph and 
encoded into the worksheet so that the user can utilize the historical data to estimate a reasonable value for 
aileron spaa There are many other historical estimates based on historical trends that can be used to predict 
parameter values. These prediction equations were developed using statistical curve fitting, available in 
Excel. The user is given historical values and guidelines to help him interpret results. Historical estimates are 
also provided to the user as part of the embedded depth knowledge to provide a guideline in case the user has 
no feel for the magnitude of a value in a specific design situation. Much of the application level calculations 
are hidden firom the user although the user will employ them to determine design results. These include the 
calculations that result in the wing configuration and wing weight estimates. Another example of an 
application level feature built into the lEDT is the unit conversion worksheet that can be used to convert 
input or output values to appropriate units. 
It has already been mentioned that an engine database exists within the lEDT. When it is used as a 
reference it is appropriately described as a knowledge level tool. When it is used to choose available engine 
technology using Excels Advance Filter fimction it becomes an application level tool. 
10.4.4. Analysis level features 
Analysis distinguishes itself firom plication in the level of complexity of the task. The prototype 
lEDT developed for preliminary design of transport aircraft wing design incorporates structural analysis 
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capabilities via a link to an executable code developed by domain experts to analyze the structural box for 
stresses and deflections. The code provides the user with access to in-depth analysis tools. 
Analysis tasks also include comparison capabilities. The lEDT employs multiple models the user can 
compare to get a feeling for the ballparic value of the wing weight Since it has been shown that different 
models are better predictors in different take-off weight ranges, and depend on different input parameters the 
user can examine a range of likely values and thus is not forced to rely on only one model for all cases. 
Sensitivity studies can be used at the analysis level to identify parameters upon which the design is 
most sensitive. If the results are used to propose new designs, the tool becomes a synthesis feature, as 
discussed in the next section. 
10.4.5. Synthesis level features 
The ultimate goal of the lEDT is to assist the designer in the synthesis of a feasible aircraft wing. The 
user is provided with support tools and analysis capabilities to create a feasible wing design. The resulting 
configuration and design information are provided in the form of graphics and documentadon. The principles 
of concurrent engineering are also incorporated so that the design engineer can consider other issues critical 
to design. For example, the user can consider structural characteristics, aerodynamic characteristics, or even 
economics provided in a cost analysis module. 
The user also has access to preliminary optimization capabilities that permit the user to optimize the 
wing configuration relative to fiiel volume requirements, physical constraints, and aerodynamic constraints. 
The EEDT also has extensive sensitivity analysis capabilities the user can employ to determine how to change 
parameters to meet the design objective, or fiirther reduce the wing weight once a feasible design has been 
identified. These design tools can be used together with the historical trends to help the lEDT user propose 
better design solutions. The ease with which the input can be changes permits the user to perform extensive 
what-if scenarios during the design process. 
Another example of a synthesis tool that is built into the lEDT is the capability to overwrite the 
calculated maximum allowable wing loading if the user, based on experience, believes it to be too low. 
10.4.6. Evaluatioo level features 
The lEDT provides some design assessment capabilities to help the user judge the feasibility of the 
proposed design. An example of this is that the user is provided with a calculation for the wing weight as a 
percent of gross take-off. The user is provided with expert guidelines regarding what an acceptable value for 
this calculation may be. Historical estimates of parameter values are also provided, as discussed before. 
When they are used to assess parameter feasibility they become evaluation tools. Similarly, the depth 
knowledge results can be used to assess the quality of input parameters. The user can check the depth 
knowledge results against his input The lEDT also provides an assessment of the fuel adequacy and thrust to 
weight ration adequacy to help the user determine the feasibili^  of the design beyond the weight criteria. 
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The lEDT also provides input validation and enor notification to the user. If the user attempts 
to input enoneous values, an enor message will appear to notify him of the situation. He may choose to 
continue, but will at least be instructed that the results may be meaningless. 
10.5. Recoinmendations and Future Work 
There were many details with regards to the lEDT development that were left for future development 
The following provides the user with a list of areas that should be considered as this woiic is expanded. 
• Utilize Excel's protection feature to protect cclls and woricsheets from user contamination 
• Pnnide a means to save individual configurations for fiiture recall 
• Transfer the technology to another design domain to verify the generality of the approach 
• Research non-monotonic relationships and timing fu2zy systems 
• Develop an objective evaluation scheme for the lEDT. domain investigation, and knowledge acquisition 
• Test domain independent approach by transferring methods to a new application domain 
This research also opened doors to many areas of future research. The following list represents some of 
the major research eSbits that may be considered. 
• The application of the engineering design process and Bloom's taxonomy to the knowledge acquisition 
• Investigate the use of genetic algorithms for sensitivity analysis 
• The incorporation of other design phases and activities into a more comprehensive lEDT package 
• The incorporation of knowledge based tools to enhance the capabilities with respect to depth knowledge 
10.6. Research Summary 
The preceding chapters proposed a general systematic development method for domain investigation, 
knowledge acquisition, and design and implementation of an EEDT. The method was then demonstrated 
using the preliminary design of jet transport aircraft wings. The final EEDT. which evolved from rigorously 
completing the steps in the engineering design process provides the design engineer with a means to work at 
higher cognitive levels more quickly by providing knowledge and tools that address the various cognitive 
needs of design engineers. Employment of the engineering design method provides the lEDT developer a 
development prescription so that (I) critical steps and information are not overlooked and (2) so that the final 
results are comprehensive and coherent This is a significant improvement over ad hoc methods that provide 
no built-in safeguards against the former and no assurances of the latter. The method also provides a common 
ground for communication between developers and the engineering domain experts who are acquainted with 
the design process. Further, the resulting lEDT is designed in accordance with the design process and will 
therefore reflect the process by providing the required knowledge and tools in a logical, timely manner. 
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APPENDIX B. KNOWLEDGE ACQUISITION METHODS 
B.L Introduction 
Research in knowledge acquisition has incorporated aspects of anthropology, psychology, cognitive 
science, behavioral decision theory, sociology, and journalism. These fields use the "amp types of 
information collection methods that are applicable to knowledge engineering. Knowledge acquisition is a 
very time consuming process, which needs to be given sufficient consideration and resources. There has been 
very little done to establish a systematic, approach to the knowledge acquisition process. There are many 
issues that contribute to the difficulties encountered during knowledge acquisition. 
First, in most knowledge or expert ^ stems research the domain expert is also the developer so the 
knowledge acquisition process is by-passed. Second, most meaningful knowledge acquisition occurs in 
industrial settings where the developer is cloaked by the requirement to keep information proprietaiy to 
maintain a competitive position. Third, knowledge continues to change and evolve which makes the task of 
acquiring it challenging. During the knowledge acquisition process the best the developer can hope for is a 
snapshot in time of the available knowledge. Fourth, the nature of expertise is poorly understood. Human 
experts do not necessarily always reason logically, and many times they reason based on their perception and 
conceptual understanding of the problem. Each expert has mental models of the problem. Internal Actors that 
contribute to individual perceptions and understandings include memory, emotions, awareness, intentions, 
and attention. Fiith, there are several kinds of domain knowledge including knowledge of concepts, 
relationships, knowledge of routine procedures, heuristics, rules of thumb, categories and classifications. 
Much of the knowledge within a domain is implicit in nature and is therefore difficult to recognize and 
articulate. Sixth, the relationship between language and knowledge is not well understood. It is often difficult 
for the experts to articulate their know-how. Expressed knowledge may be incomplete or incorrect Implicit 
knowledge is often omitted because it is usually not accessible to the conscious thought of the expert 
AdditionaUy, the expert may not always be aware of the significance of knowledge and thus not include all of 
what is knowiL There are times when humans are wrong. Even experts can make errors. In other cases, 
expertise may not be relevant There is no guarantee that what the expert labels as important to the process is 
actually what is important The expert may base judgments on superstition or merely emphasize the aspects 
of knowledge that can easily be articulated. Some results may be due to luck or a particular circumstance. 
Seventh, those assigned to the knowledge acquisition task may not be adequately prepared. Such individuals 
may suffer from reductive bias that occurs in situations where a relatively novice person is required to learn a 
complex body of knowledge. This latter situation places extreme demands on cognition, which tends to 
cause the person to simplify the knowledge. This manifests itself in two main ways. First, oversimplified or 
inappropriate analogies may be applied. Second, everyday terms are used in technical ways. 
Eighth, determination of which acquisition techniques are appropriate for a given domain is a difficult task 
that is often accomplished by trial and error. Selecting ineffective or inappropriate techniques can have 
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several ramifications: wasted time, project delays, incomplete or incorrect knowledge, and potentially project 
failure. 
There are many important features to consider related to knowledge acquisition: expert's comfort, 
efficiency and ease of use, suitability to the required kind of knowledge, size and goals of the knowledge 
system, the phase of knowledge acquisition process during which the techniques will be used, and expert 
availability. Since it is not likely that all experts will cooperate just because they are asked, it is important to 
select knowledge acquisition methods that are natural to the expert and encourage the expen to talk. 
Many of the knowledge acquisition techniques involve interaction with human experts. These are 
often favored since they apply to any domain and can be adapted to di^ erent presentation styles. Personal 
contact allows the developer to pick up on subtle or tacit knowledge. However, interaction requires 
communication, which can become a significant barrier to the success of the knowledge acquisition process. 
As knowledge engineers gain more experience it becomes easier to identify more effective processes. 
The method's suitability to the type of required knowledge must be considered. Some knowledge can be 
easily verbalized, while others may not be available to the expert and must be inferred via observation or 
indirect knowledge acquisition processes. The developer should consider how closely the knowledge 
acquisition method matches the real-world task, in some cases the validity of the obtained information may 
depend on the answer to this question. Additionally, some methods will produce information that is more 
difficult to translate into a knowledge representation scheme. In evaluating the suitability of a method the 
developer should consider how flexible the technique is and how easily it can be modified or adapted to a 
given situation as well as if the technique can be adapted to use with a variety of materials. Difficult or 
complicated methods should be avoided due to the risk of alienating the expert, especially if the method was 
not skillfully implemented. The experts will undoubtedly by busy with their other responsibilities and the 
developer must take this into account in selecting knowledge acquisition techniques as some techniques 
require more time and effort on the expert's part than others. In addition to time requirements for the 
knowledge acquisition session, the developer must consider the amount of follow-up that may be required 
after the fact. 
B,2. Knowledge Acquisition Methods 
Figure B.l provides an overview of the various methods available. Unfortunately, their applicability to 
real-world industrial settings may be limited. 
Most of these methods rely directly or indirecdy on extracting knowledge from humans. The 
advantage to obtaining knowledge fi'om humans is that intuition, experience, and heuristics can be included. 
Literature and texts are very good sources to supplement the knowledge provided by the human experts. 
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B3. Direct Methods 
Direct methods ask the expert to verbalize knowledge. These methods depend on the availability of the 
information and the expert's ability to articulate it and should be used in concert with indirect methods to get 
a complete picture of domain knowledge. 
B3.1. Interviewing 
Although interviewing is based on the theories stemming from several social sciences it is also very 
much an art that consists of judgments about the existence of inhibitors and the appropriate strategies or 
techniques to employ in light of changing conditions. Effective interviewing requires careful plaiming and 
consideration on the part of the knowledge engineer. It is imperative to delineate clear and achievable goals 
for each interview session. Since the objectives can vary depending on the knowledge requirements, these 
goals should be evident to both the developer and the expert It is often challenging to keep an interview 
focused while allowing the expert free expression of thoughts and ideas. The amount of structiu-e given to the 
interviewing process depends on the stage of the knowledge acquisition project. As the process proceeds the 
interviews should become more structured as the focus becomes more detail oriented. 
Personal interviews are the most common means to acquire fact and heuristic knowledge. 
UnforWnately, it is often unsuccessfiil due to poor interviewing skills on the part of the knowledge engineer. 
Communication skills and competence are very important. Both the developer and the expert have their own 
unique styles and experiences. They may differ significantly in the way in which they approach thinking and 
problem solving. The main goal in most interviewing is for the interviewer and the expert to reach a shared 
understanding of the domain. Language can also become a problem. The expert may use technical terms or 
acronyms that are unfuniliar to the knowledge engineer. Alternatively, the expert may realize that the 
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interviewer is not familiar with the terms and consequently try to use terms that a novice might better 
understand but may be too inexact This problem is referred to as translational bias. A method to counter 
translational bias was developed by Spradley [39]. The interviewer begins the process in a general probing 
technique to discover an overview or the expert's knowledge. Specific details can be explained and expanded 
upon in subsequent interview sessions. Technical terms are not the only stumbling block; qualitative 
descriptions can also lead to ambiguity. Qualitative language is often relative. Context is also crucial. These 
factors all need to be clarified during the interviewing process. 
The fact that the experts will not always have the information close at hand during and interview 
presents difficulties. In some cases the experts will become frustrated with the task of articulating knowledge 
that does not normally consider explicitly. Experts are often unaware of the knowledge they employ and have 
most likely not stopped to describe it in detail. The simple act of articulating knowledge may change the way 
an expert views it. Discussing a task is a lot different than actually performing it. In many cases where 
experts are asked to list all the factors that affect the design process, they tend to over-specify what they 
know. In many circumstances experts may list factors that they think ought to be considered rather than those 
that actually are considered. 
Despite the difficulties, interviewing is regarded as an effective knowledge acquisition method since 
there is a significant amount of knowledge that can be imparted in the process. The expert is likely to discuss 
objectives and goals that are thought about, as well as how these are related or organized. The expert may 
also discuss judgments that were made in producing designs and processes they used to solve problems. 
Interviews provide an opportunity to motivate the expert to give accurate, complete information. The 
motivation factor should not be underestimated especially when the amount of information required is 
significant. A face-to-face interview the questions can be explained so that the expert understands what is 
intended by each question. This factor becomes increasingly important when the questions are complex or 
abstract or when the experts are of diverse background and interest. Interviews allow the questioning to 
proceed with a larger degree of flexibility. During exploratory interviews flexibility is essential. The wording 
of the questions and the order in which they are asked may need to be changed depending on the situation. 
Face-to-face interviews give the interviewer a great deal of control. The developer can focus the interview on 
certain issues and probe for as much detail is needed. The expert has to reply to the questions in the order 
they are asked and at the time they are asked. Face-to-face interviews also allow the interviewer to get a feel 
for the validity of the information provided by the expert by observing nonverbal communications that 
convey the expert's attitude toward providing the knowledge. The knowledge engineer's ability to effectively 
interview is a significant factor in obtaining a complete, accurate, valid knowledge base. There are several 
guidelines that may expedite the interviewing process. It is important to be sure that the expert is cooperative. 
There are many reasons why someone may be less than cooperative when asked to discuss the tasks and 
processes used to accomplish a task. The expert may believe that the task is simple and may not want to 
jeopardize self-esteem and the esteem of colleagues by revealing this. The expert may also not feel 
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competent to articulate know-how. Additionally, some persons will ije concerned that if their expertise can be 
captured in a computer software package their job may be in jeopardy. 
Once the interviewer is confident that the expert feels comfortable, the interview can commence. 
Questioning should begin in a general sense and move to specifics as the process continues. The developer 
should carefiilly listen to the expert and pay close attention to the way in which the expert uses knowledge. 
Facts, theories, and rules are important, but it is equally important to discover the way in which the expert 
manipulates the knowledge. The order that the expert discusses the problem and the relative importance 
attached to the different items discussed may give some indication as to the relative importance of those 
topics. 
There should be a definite time limit set for interview sessions to prevent fatigue. If the expert appears 
to need a break the interviewer should respect this. At the end of an interview it is important to verbally 
summarize the progress that was made. A summary may include repeating the main points made by the 
expert, as well as future directions to take the process. 
There are several strategies that can be used to enhance the interviewing process. Fu t^, the interviewer 
should be prepared. Preparation includes assembling a body of information prior to face-to-face interviews. 
The interviewer should provide the expert with a brief description of the project, the interview topic, and a 
list of questions prior to the interview session. Questioning strategies and techniques are discussed at the end 
of this appendix. 
Second, thorough notes should be taken and the expert's responses should be recorded verbatim. 
Summarizing the expert's words may lead to distortions and misunderstandings. Notes about what was said 
and how it was said should be made. Third, the expert's interest must be held. Eye contact is when asking 
questions. Fourth, the effectiveness of the interview process is enhanced if sessions can be recorded. Either 
audio or video recordings are advisable. Recordings should not preclude note taking. Many times the expert 
will use anaphoric references to charts, graphs, or objects. As soon a possible after the interview the 
information needs to be examined and supplemental notes made. The most appropriate method for 
documenting an interview should be decided based on what will provide complete and accurate detail to the 
level required based on the expected information. Reliability and validity considerations should be made. 
Each interview session should be documented as thoroughly as possible. It is often not possible to identify 
which pieces of information are important at the time of the interview. In fact, it is often the information that 
seems least significant that impacts the project's long-term success. Therefore, capturing the subtle features 
of the interview, as well as the expert's language is essential. To accomplish this it is recommended that 
careful and detailed notes of each encounter be made. The expert's attitude, any unusual circumstances or 
events which occurred, any feelings or thoughts resulting from the encounter, and any other information 
which will help in the recall of the session should be noted. 
Note taking can become a large burden to the interviewer and sometimes it might be better to use a 
second note taker. Intense note taking can distract the developer to a point where it is not possible to 
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adequately observe or listen to the expert. The process may slow the session to a point where the expert loses 
interest Situations where the interviewer chooses to take notes about only some portions of the interview 
may also hinder the process. The expert may begin to notice when the developer takes notes and may 
elaborate on the issues the developer writes about believing that those issues are especially interesting. 
An alternative is to use a tape recorder to capture the words used by the expert. This is particularly 
useful when the expected information is complex and unfamiliar to the knowledge engineer. Tape recorders 
capture the vocabulary as well as the order in which topics are discussed. Tape recorders are important in 
interview sessions where little topic control is exerted. The developer can concentrate on the subde aspects of 
the interview and reserve note taking to capture these. The tape recorder should be used with several 
caudonary notes. First, the developer should be completely familiar with the recorder and know how to use it 
competendy. Second, the expert should give expressed permission to be recorded. Third, the tape recorder 
should be placed out of sight and ignored during the session. When recorders are used the one can expect to 
spend ten to twelve times more time to transcribe a tape, especially if the recording is of poor quality. The 
person who conducts the interview should transcribe the tape as soon as possible after the interview. In the 
transcription process, missing information may be noticed. The tape should first be transcribed exacdy, 
without attempting to organize the material, thus preserving context. The next step is to organize the 
information. After that the information should be checked for reliability. One way to do this is to have 
another person familiar with the problem transcribe the tape. The second person may find different areas of 
emphasis, which were not clear to the knowledge engineer. 
When edidng notes from an interview there are several dps that can make the process more effecuve. 
First, notes should be edited as soon as possible after the interview so that the details are fresh. Keep post­
processing notes separate by using different ink or writing in the margins only. Cross reference information 
to the extent possible. Often a response to one question will correspond, at least in part, to another question 
or concept 
A summary of the interview should be reviewed by the expert to verify its correcmess and 
completeness. The expert and the developer should go through the summary together or the expert can read 
through the summary and add notes. The latter method allows the expert to think over the progress made 
during the interview section, consider its validity, add details that are required or that were thought of 
subsequendy. The expert should be given sufficient time to adequately review the summary, however, a 
deadline should be attached so that the task is given some priority. 
8,3.1.1. Unstructured interviews 
Unstructured interviews should be used early in the domain investigation to obtain the overall picture 
of the domain. During initial meetings with experts it is important to establish rapport and provide an 
overview of the project including its focus and goals to the expert. The expert needs to understand the project 
in order to assist in sorting through information that is crucial to the success of the project 
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Unstructured or semi-structured interviews can serve an exploratory purpose or be a warm-up prior to 
beginning a formal interview. Exploratory interviews can also be used to understand what subjects the 
experts are willing to discuss and which methods of elicitation may be more appropriate or comfortable for 
the expert. The interviewer should use this segment of the interview to ascertain how the expert feeis about 
the interview and how perceptions of the interviewing process can be enhanced. Warm-up periods provide 
time for unhurried reflection and free association. During this period the expert's memory may be stimulated. 
It also provides a general context for the questions that follow. 
During unstructured interviews very general, often spontaneous, questions are asked and the expert 
answers them in whatever manner feels most comfortable. Unstructured interviews can be stressfiil to the 
interviewer who has to devote a great deal of concentration to listening and keeping track of what is said. At 
the same time, new questions must be formulated in response to material the expert provides. Typically, the 
information obtained is difficult to organize so this approach is thought to be rather inefficient. 
Structured interviews 
Adding structure to the interviewing process enables the participants to focus their efforts towards 
achieving the goals set forth for each interview. Structuring an interview has several advantages. Structure 
prevents the distortion that may occur during subjective, unstructured interview sessions. Structured 
interviews also minimize the amount of interpretation that must be performed. Structured interviews help 
keep the information organized, which reduces post-processing after the interview is complete. This type of 
interview is efHcient and comfortable for the participants. 
Structured interviews are used after preliminary unstructured interviews have been finished and the 
preliminary knowledge has been analyzed. If structure is added to the interview process before there is a 
good understanding of the way that knowledge in the domain is organized, the results may be biased to the 
interviewer's limited understanding. Structured interviewing can be categorized into standardized and non-
standardized interviews. The standardized interview is designed for use with multiple respondents with the 
objective of obtaining comparable and classi^ able information from every respondent. Non-standardized 
interviews do not attempt to obtain the same categories of information from each respondent. These 
interviews consist of different questions for each expert 
B3.13. Knowledge acquisition grid 
As mentioned previously, it is often difficult for experts to verbalize what they know. This challenge, 
coupled with the challenge of organizing the information once it is obtained, lead to the development of a 
knowledge acquisition grid [40]. An example of the knowledge acquisition grid is shown in Fig. B.l. The 
grid recognizes that knowledge engineers need to assist experts in accessing material that is distributed in 
their memories or implicit by nature. It also recognizes that different types of questions evoke different types 
of knowledge. The grid organizes knowledge and questions. The columns represent forms of knowledge 
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(expert's know-how) and the rows represent the types of questions. The knowledge forms are organized from 
declarative knowledge types to procedural knowledge types. The question types are organized &om general 
type to specific type questions. 
Question Type Layouts Stories Scripts Metaphors Rules-of-thumb 
Grand Tour 
Cataloging Categories 
Ascertaining Attributes 
Determioing Inter-connections 
Seeking Advice 
Cross-Checking 
Figure B. 1. Knowledge acquisition grid 
Cognitive psychology theorizes that humans segregate information in order to make better 
generalizations and predictions. In keeping with the theory that knowledge is subdivided, the grid divides the 
forms of knowledge into five categories. Exploring the different forms of knowledge has advantages. First 
the different modes of expressing knowledge permit the discovery of additional knowledge. Second, it 
provides a means to organize the information as it is gathered. It should be noted that all forms of knowledge 
are not always available in every domain. 
Layouts refer to a blueprint of the task including boundaries, basic classifications, and organization. 
Layouts include the facts, goals, and heuristics used by the expert This is also where the chteha experts use 
to solve particular problems is delineated. This category can be used to define the problem and organize 
current information. 
Stories represent the cases and examples experts use to describe their experiences. Different types of 
stories have been categorized as tallring aloud protocol where the expert talks through a problem, explanatory 
stories where the expert seeks to account for a puzzling circumstance, diagnostic/prescriptive stories which 
describe a situation where something was wrong or needed fixing. 
Scripts can be thought of as a time line of critical actions. In the scripts the expert's procedural 
knowledge of the domain can be captured. Scripts also provide a record of what knowledge was required to 
perform each task. 
Metaphors can be used to summarize the expert's alternative images of the problem. Metaphors are 
used to describe something by referencing another seemingly dissimilar item so that the first item may be 
better understood. 
Rules-of-thumb encompass the tactics and heuristics that experts use to interpret and deal with the 
circumstances they encounter in a given design task. Rules-of-thumb generally are valid only under limited 
circumstances. It is important to determine explicitly which circumstances they apply. 
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In addition to estabiishing type of knowledge, the grid also provides a means to organize questions. 
Grand tour questions are those used to obtain an overview of the domain. Questions in this category are 
directed towards obtaining the expert's perspectives, goals, and organization schemes. The purpose 
cataloging questions is to outline the classification of the expert's terms and concepts. The next question 
category, ascertaining the attributes, can be used to obtain features and the range of values an object can 
have. The next category is concerned with establishing relationships between concepts. The fifth category 
provides an opportunity to record the expert's strategies for dealing with different conditions that may occur 
in the design process. The final category is used to validate the information obtained. Overall, the knowledge 
acquisition grid offers the interviewer significant advantages. The grid provides a broad and comprehensive, 
yet organized view of the domain and provides varied approaches to obtain different types of information at 
different levels of abstraction. The grid permits the developer flexibility to change the pace or content of the 
interview in order to hold the expert's attention and keep the interview moving forward. Certain areas of 
knowledge can be emphasized without appearing redundant Additionally, asking many types of questions 
provides a check of the validity of the knowledge. 
B3.1.4. Ethnographic interviewing strategies 
Ethnographic interviewing strategies have been developed to meet the challenges imposed by the 
informal and unstructured situations anthropologists are faced with in Heldwork. The method appreciates that 
during the early stages of research, the researcher does not know what answers they are looking for or even 
what questions they need to ask. Additionally, this method recognizes that it is important to obtain not only 
formal knowledge, but also the practical, common sense knowledge. This requires that the researcher analyze 
the expert's reports about their thoughts and actions for knowledge that was not explicitly reported but is 
necessary to get a clear picture of the nature of the expertise. 
There are four phases to an ethnographic approach to interviewing: descriptive elicitation, structural 
expansion, scripting, and validation. These phases need not occur in the given order nor must they occur one 
at a time. Descriptive elicitation is the first phase and it focuses on obtaining a large quantity of declarative 
knowledge from the domain expert. The expert's conceptualizations and models of knowledge are also 
sought. The interviewer concentrates on determining the expert's use of language and terminology. The 
expert should be free to describe the domain in a language and method that is natural. 
Structural expansion focuses on the expansion of the declarative knowledge. Conducting these 
interviews in familiar settings where the expert typically works will provide additional cues to prompt the 
user's recall. During this phase the developer should be familiar enough with the domain knowledge so 
knowledge can be utilized to formulate questions. Utilizing domain language minimizes the chance the 
expert will translate. Additionally, use of domain knowledge breeds a sense of familiarity and helps the 
expert focus on the domain knowledge. 
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The third phase is known as scripting. During this phase the emphasis is on finding procedural 
knowledge. Procedural knowledge can be divided into two categories: procedures used to obtain additional 
relevant information and procedural knowledge use to solve a problem. The declarative knowledge obtained 
during the first two stages can be used to guide the scripting phase. 
The final stage is the validation stage where the knowledge is validated and verified. There are two 
types of validation: checks, which validate knowledge in the possession of the developer, and controls, which 
are supposed to reduce error and misunderstanding during the knowledge elicitation process. One word of 
caution about the verification process is that people tend to look for evidence that confirms information. 
Probing 
Probing is a verbal or nonverbal technique that can be used to request elaboration or clarification fi'om 
an expert- Probing may be required in the following cases: when the developer does not feel the expert 
finished a thought completely; did not address the question clearly; or when a question or answer was not 
understood. In these situations the expert must be encouraged to continue. Probing can also be used to keep 
the interview focused on a specific area of knowledge. Probes also indicate interest in what the expert has to 
say. 
There are several kinds of probes, which can be utilized as follow-up to a question. The original 
question can simply be repeated. This technique is used when it is suspected that the expert did not 
understand or hear the question correctly. Alternatively, a deliberate pause can be used that may prompt the 
expert to provide additional information. This is called a silent probe. The quiet pause permits the expert to 
think and in many cases more information will be provided. This technique must be used with care because 
pauses can become uncomfortable in the case where the expert was indeed finished responding. There are 
two types of neutral probes, encouragement probes and elaboration probes, which can be used in situations 
where it is not desirable to tell the expert what type of information is needed. Neutral probes let the expert 
know that the interviewer understood what was said and accepts it, but wants to hear more. Neutral probes 
are valuable to follow up broad questions to provide motivation to the expert to provide details without 
specifying which details are preferred. Neutral probes are only valuable when the expert has additional 
information to provide. In these cases they are valuable because the expert is not constrained as to what 
information should be provided or how it should be provided. Encouragement probes include nonverbal 
noises or gestures that indicate understanding and is interest in knowing more. Elaboration probes are used to 
obtain additional information on and established subject Elaboration probes can be used immediately, or can 
be save for a later time or different session as a means to return to the area of interest. Recapitulation probes 
can be used to encourage experts to add new detail to their descriptions by covering topics agsiin. Using this 
type of probe can reduce the number of interruptions during the interview and can provide a check on the 
reliability of the information with respect to the order of events. 
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There are some general guidelines when probing is used. First, the expert should never be interrupted. 
In fact, incorporating a silent probe prior to a verbal or nonverbal probe is reconunended to minimize the 
chances of interruption. The developer should avoid giving the impression that the expert was ignored not 
heard the first time. Additionally it is recommended that the expert's own words be used when referring to 
something that was said by the expert When probing is used it is often in combination with the interviewing 
process. The developer may choose to pursue an immediate probe or elect to return to the point later. In the 
former case exact and thorough notes should be kept. In the latter case a quick note should be made to 
question this area further. 
When using probing, care must be taken to avoid introducing bias by implying that some responses are 
better than others or by implying that the expert should really include some other piece of information. There 
is also a danger of introducing motivational bias by probing an area that the expert is uncomfortable 
elaborating on. In these cases the expert may invent descriptions rather than fail to respond. 
B3.1.6. Teachback interviewing 
Teachback interviewing is based on conversation theory which is roughly described as an interaction 
between participants that is concerned with making concepts and understandings public. There are three 
phases to this knowledge acquisition technique. The first phase consists of surveying the experts and relevant 
persons involved in the domain. The second phase includes the identification of experts who would 
participate in the interviewing process and the interviews. In summary, teachback interviewing begins with 
the expert's selection of a concept or procedure. The expert describes the concept or procedure to the 
developer who then teaches it back to the expert using the expert's terminology. It is important that the 
interviewer be able to express the expert's ideas in a way that is recognizable to the expert In this way the 
expert knows that the right idea has been conveyed. Once the expert is satisfied with the knowledge 
engineer's understanding, it can be said that they both share a concept. The next step requires the developer 
to explain how the expert reconstructed the concept Again, the developer must teach the explanation back to 
the expert. When the expert is satisfied with the knowledge engineer's version it can be said that they share 
understanding. The process can then continue with the expert selecting a new concept that is linked to the 
previous concept During the third phase the results are presented to the participants, other experts and 
persons familiar with the domain for critic. It is advisable to record these interviews or have a third party take 
notes during the session. The developer needs to focus on the role as a participant in this technique. 
Teachback can be used to obtain relevant domain features and characteristics on both a global and 
local basis. The results can be used to determine what areas require further questioning. Any preconceptions 
pertaining to the domain are minimized and the expert has an opportunity to verify the knowledge. 
Teachback produces a description of the knowledge, which is easily communicated to a third party when 
combined with systematic grammar networks. 
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B3.1.7. Discuss sample cases 
One possible way to add structure to an interview is to select a sample problem or portion of a 
problem which is representative of the task at hand for which the prototype knowledge system is being 
designed. It is advisable to keep the first example simple. The expert should ±en be asked to walk through 
the solution of the problem. Questions should be prepared to keep the session moving forward, but typically a 
more non-structured interviewing approach is used. Using cases as part of an interview makes the 
interviewer's job much easier since it relieves some of the unknowns from the interview. 
BJ.1.8. Interesting cases 
One approach to get the expert to recall many details is to investigate a case that the expert found to be 
particularly interesting or even difficult. These types of cases are generally found to be more memorable and 
stimulating. The expert is less likely to omit essential details and give an accurate account of what was done. 
It has been found that using interesting cases in the interview process can enhance the expert's commitment 
to the project and spark interest. One word of warning here is that interesting cases may not always be 
representative of typical cases. 
B3.1.9. Scenarios 
Scenarios can be thought of as a 'what if type of approach. Scenarios generally focus on specific, 
isolated problems where cases cover a broad range of the domain. This method utilizes actual data from a 
previously solved problem. The expert is asked to solve a problem based on the archived information. Since 
the task is not being performed in real-time the developer can stop the session and probe for the expert's 
reasoning strategies or for the information the expert is processing. The expert should be briefed prior to the 
session so that the session goals and methods are understood. The expert may be periodically interrupted and 
must try to be consciously aware of what is being internally processed during the solution process. At the end 
of the session the developer may compare the resulting solution with the original solution. If differences exist 
they should be investigated. The developer will want to examine the solution features, parameters, and 
decisions with the expert This provides the expert with an opportunity to look at the problem from another 
point of view. The result is richer knowledge and better picture of the domain. 
B3.1.10. Episodic analogies 
This knowledge acquisition method recognizes that humans draw on past experiences and analogies 
when confronted with new situations. The expert is presented with a new problem and asked to solve it 
During the solution the expert is asked to comment on previous cases used in the solution process or previous 
cases the expert remembers during the solution process. The developer is especially interested in which 
alternative solution steps or criteria are stimulated by recalling previous cases. 
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Decision analysis 
The expert is asked to list all possible decisions related to a design task and is asked to list all 
consequences for each decision. Each consequence is then rated based on its merit and probability of 
occurrence. The expected worth of each consequence is then calculated by multiplying its merit by the 
probability it will occur. The expected worth of the decision can be found by summing the expected worth of 
all consequences identified for a decision. Finally, the decisions that maximize expected worth are selected 
and discussed further. The main problem with this technique is that it relies on estimates of worth and 
probability from the expert. 
B,3.1.12. Laddering 
Expert is asked to name important concepts of the problem domain in question. These concepts are 
then used as basis for the interview to follow. Especially supertypes and instances of generic concepts are 
inquired about allowing the derivation of a taxonomic structure. Laddering is used when there is a highly 
structured domain. The process requires the expert to probe for examples of concepts or inversely 
discovering concepts that encompass a set of examples. 
B3.1.13. Designing a hypothetical interface 
The goals of the expert system should be familiar to the expert prior to using this method. The 
developer then works with the expert to design a knowledge system. The expert is forced to consider the 
user's needs and the information required by the system to meet the user's needs. Thus, the discussion is 
focused on the exact purpose of the knowledge acquisition process. It gets the experts directly involved in the 
design of the system that represents their knowledge. 
B3.1.14. Prototype review 
The knowledge acquisition process should be used well into the elicitation process after the prototype 
is somewhat developed. The prototype knowledge system is shown to the expert who is asked to walk 
through it and make comments about what is presented, how it might be changes, or what other information 
should be included. This will jdso help the developer determine what types of help the system should provide 
on-line to assist the user. Systems users are also a valuable resource in determining these issues. 
B J.1.15. Problems encountered in the interviewing process 
Interviewing is more than sitting down with an expert and having a conversation. The interviewer is 
required to plan and execute a well thought-out technique. The preceding sections have provided the reader 
with some of the strategies that can b enlisted. This section sununarizes the problems that may occur. 
Recognizing potential problems may help mitigate their impact. Some of these points have been presented as 
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part of the previous discussion. Interviewing strategies often affect the quality of the knowledge that is 
obtained. The following list characteristics of a successfiil interviewer. 
• Successful interviewers find a way to balance achieving the goal of knowledge acquisition with 
respecting the expert as a person and a professional. 
• Successfiil interviewers are responsive to what the expert says, while maintaining the intended focus of 
the interview. 
• Successfiil interviewers will listen and avoid interrupting. 
• Interviewers need to recognize natural periods of silence and avoid interjecting comments or asking 
questions to fill the void. The interviewer should count to twelve before speaking fiirther. 
• Successful interviewing requires skillful questioning and preparation. 
• Successfiil interviewers realize that knowledge is not a thing. Many references imply that knowledge is 
an entity that can be mined or extracted. This leads to an assumption that the expert's brain can be 
emptied and all pieces of knowledge will come flowing forth. Contrarily. it is a very difficult process. 
83,2. Group approaches 
There are many variations of this method. Fu^it, a group of expert designers can be gathered to discuss 
a case or problem. Second, novice and expert interaction can be observed to discover how they relate to each 
other the information that is be exchanged as well as how the novice approaches the expen for knowledge. 
This provides insight into what type of tool a novice would require. Other types of group discussions that 
provide additional knowledge include situations where experts are talking with customers or end-users. 
Preparing for a group method is similar to what is required for individual sessions. The materials the group 
will need should be provided to each participant before a session. 
B3.2.1. Interactive groups 
Interactive group scenarios require a face-to-face meeting of the experts structured to focus on a 
particular issue or aspect of a design. The participants are asked to verbally present their viewpoints for 
discussion. Often this process can produce a large quantity of information. However, the results can be 
biased. Many times members with strong personalities will dominate the meeting and influence other 
participants. There are also scheduling and logistics considerations, which may make the process difficult to 
implement 
B3J2.2. Group elidtation method 
Since successfiil designs generally result from a team effort where individuals with various 
experiences and strengths work toward a common design objective, utilizing group knowledge is very 
important There are five general categories of meedng activities; generation of ideas, discussion of issues. 
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negotiation, resolution of conflicts, and building consensus among experts. Groups afford opportunities for 
discussion and feedback. However, meetings can be time-consuming and dominated by strong personalities. 
The first phase begins with the determination and explicit, coherent statement of the issues. Issues are 
typically identified during the interview process. Next, a group of experts is identified including engineers, 
designers, and prospective users. The group size should be somewhere between six and ten participants. 
The second phases begins when the issue statements are printed at the top of separate sheets of paper. 
Each group member is given one sheet and spends approximately ten minutes writing a list of viewpoints on 
the sheet. The sheets are then passed to the next person who reads through the written comments and adds 
comments, which are either statements of agreement, statement of disagreement with explanation or 
additional viewpoints. The process continues until each member has seen every sheet Written viewpoints 
may require more time, and will probably elicit more thoughtfiil responses. The advantage to the writing 
procedure is that outspoken participants do not influence other group members. 
During the third phase the viewpoints for each issue are analyzed and a list of concepts is created 
based on the four criteria; simplicity, interest, robustness, and corroboration. The concept list may be 
dynamic and as this phase continues it may be revised by adding concepts, deleting concepts, combining 
concepts or dividing a concept into several concepts as appropriate. Each viewpoint is classified with respect 
to existing concepts, or is used to create a new concept. During this phase misunderstanding and 
misinterpretations can be straightened out 
The fourth phase includes the organization of concepts into a triangular matrix with concepts labels 
used as row and column titles. Each participant is given a copy of the matrix and asked to indicate opinions 
about the relative priorities of each pair of concepts. The participants place a 1 in the matrix if concept A is 
more important than concept B, a 0 if their importance is equivalent, and -1 if concept A is less important 
than concept B. 
The fifth phase encompasses data analysis where consensus is determined using a global score of a 
relation which is the sum of each of the participant's scores for one relationship. A standard deviation 
measuring the inter-participant consistency is also calculated for each global score. The mean priority of a 
concept corresponds to the normalized mean score assigned to a concept with respect to the other concepts 
across all participants. For example, if each participant assigned a value of 1 to a concept the mean priority 
for the concept would equal +100. Inter-participant consistency is measured by the average of the standard 
deviations for all of the global scores and provides a degree of confidence in the mean priority for the 
concept The stability of a concept corresponds to the standard deviation of the mean priority of the concepts 
with respect to the global score of the concept Smaller values correspond to greater stability. A table of 
results that organizes the concepts in order of the mean priority is created fnim the results. The final phase is 
the critical analysis of the results fi-om which a fined report is generated. This phase includes a review of the 
results and discussion of their validity. 
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There are some modifications that may make the process more suitable for implementation to industry 
settings. Some method of accountability would need to be put in place so that the process did not become 
stalled. Once each participant has addressed each issue it is sent back to the developer. Phase three would 
still require a face to face meeting. However, the next two phases could be done electronically or remotely. 
The final critical analysis would also require a group meeting. Handling as much of the process without 
requiring a formal scheduled meeting would reduce the logistics problems of gathering all experts in one 
room at one time. Advantages to the group elicitation method include the following list; (1) the method 
provides participants with the opportunity to consider the viewpoints of other experts with differing sets of 
experiences and objectives; (2) it promotes teamwork and consensus building; and (3) it can be effectively 
used to kick off new projects and bring new team members together. 
Delphi 
Delphi is similar to the group elicitation method in that the experts do not verbally present their 
viewpoints to the group. It differs from the group elicitation method in that the group members individually 
provide their viewpoints without seeing the other expert's viewpoints. The experts are asked to provide a 
written response to an issue. All responses are gathered, made anonymous and then distributed using mail or 
email. The experts are then asked to review and respond to the aggregate list. Delphi was designed to 
minimize bias that can arise from group dynamics. The degree to which it actually does this is open to 
debate. The method can be slowed if the experts are not motivated to respond in a timely maimer. 
B J .^4. Critical success factors technique 
Critical success factors can be utilized to elicit factors imperative to the success of a design project 
Rockhart defined these factors as, "key areas where things must go right for the business to flourish". There 
are three phases to the process. First, factors must be generated and then categorized. One approach is to 
assemble a group of experts who are provided with a question or issue statement and asked to simultaneously 
brainstorm as many factors that are important to the question or issue as possible. After the list of factors is 
satisfactorily complete the experts are asked to generate categories and classify each factor accordingly. The 
experts then assimilate the categorized lists. This is often followed by a group discussion of any relevant 
issues. The process generally takes 1 to 2 hours if done in a group setting. This phase could at least partially 
been done via email or questionnaires. 
The second step requires the developer to review the records from step one and develop a 
questionnaire that will be submitted to the experts. The questionnaire asks the experts to rank the given 
factors using a numerical scale. The experts are also permitted to add factors they feel are critical even 
though they were omitted from the questionnaire. Once the questionnaires are completed and returned 
substantial statistical analysis can be done. The last step consists of follow-up interviews to clear up any 
misunderstandings or obtain additional information. 
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B33. Observation methods 
One of the less intrusive techniques that can be used to obtain expert knowledge is to watch the expert 
and try to follow the expert's thinking processes. Observation is a usefiil method to obtain problem-solving 
strategies that are often not consciously available to the expert. This method helps the developer learn how 
knowledge is used and what knowledge is required to solve a problem or develop a design. Using simple 
observation has one major drawback: the results are subject to distortion because the observer must rely on 
personal perceptions, which are almost certainly colored by experience. There are three distortion processes 
that may occur when an observer is confronted with the task of reducing a large amount of information into a 
simple, meaningful structure. Leveling is the process of shortening a description so that it is easily 
understood. Sharpening describes the situation when the subject reports only a small number of details from 
a much larger description. Assimilation is the process where information is absorbed in such a way that is 
does not conflict with the interests, habits, stereotypes, and sentiments that already exist in the person's mind. 
There are also distortions that occur due to the presence of the observer. The expert may perform tasks 
differently when being observed. Studies have shown that the effects of being observed diminish over time. 
This is a slow method, as many different sessions are required to get a complete picture of the available 
knowledge. 
Becoming an active participant will allow the observer another perspective from which to draw 
knowledge. This method requires that the developer work with an expen or group of experts for an extended 
period of time to leam as much as possible about the domain. The developer observes, ask questions, and 
ultimately attempt to apply the skills. The close contact allows the developer to wimess the informal 
expertise that may not be directly accessible through formal methods. This type of expertise may surface as 
the developer learns the social and material context in which the expert normally works. 
Videotaping the expert is a less intrusive variation used to observe an expert. The expert and developer 
can review the videotape at a later time. The expert talks it through and explains what was being thought and 
why. This prompts the expert's memory without impacting how the problem was approached. 
There are several guidelines for using observation methods effectively. 
• Be aware of the effects of distortion. 
• Observe without interrupting and attempt to be as inconspicuous as possible. 
• Capture observations as soon as possible. 
• Concentrate on the significant details. Concentration on visual images is more difficult than 
concentrating on speech. Speech is a serial activity where one word follows the other. Visual images 
often need to processed simultaneously. Concentration while observing requires that the observer have 
some idea of what is important to focus on. 
• Use more than one observer when possible. This minimizes the effects of personal perspective. 
• Seek other evidence to support the observations. 
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• Study nonverbal communication. 
Copies of any visual aids and references the expert uses should be obtained. The following discussion 
describes several observation methods in the order in which they may be used in the domain investigation 
process. 
B3-3.1. Familiar tasks 
The expert is observed while performing typical tasks. This task provides the developer with an 
opportunity to see what information is typically available and used, where it comes from, what goals are met 
and what procedures are typically employed to meet them, what results are obtained, and what means is used 
to document them. This method is best used at the beginning of the knowledge acquisition process when it is 
necessary to become better acquainted with the domain. 
Limited information tasks 
Experts commonly make great leaps in perception and deductive reasoning, which can not or are not 
verbalized. One way to overcome this is to impose constraints on the problem-solving situation by limiting 
the information available or changing the environment. The limited information task is similar to the method 
of familiar tasks method except that the expert is provided with a restricted amount of information with 
which to work. The purpose of the method is to constrain the expert to use strategic thinking and heuristics. 
This method can effectively uncover the strategies and procedures used by the expert when solving a 
problem. The information that is obtained via this process can be used to fill in gaps in the previously 
obtained knowledge, as well as to enhance the set of rules being developed for the knowledge base. 
However, many experts do not like this method because it can be uncomfortable to solve a problem with 
incomplete informadon. To alleviate some of the potential anxiety, reassurance that this method is not a 
challenge to expertise should be made. This method is best used after the domain investigation is well under 
way. 
B Limited time problems 
Several studies suggest that performance deteriorates and less information is used when time is 
severely limited. Experts who are more familiar with the problem will not suffer from time constraints in the 
same manner as novices will since they have the ability to target the most important information quickly. 
Studying what information the experts concentrate on when time is limited provides insight into what 
information is most important. 
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B33.4. Method of tough cases 
The method of tough cases can be used to discover subdeties of the expert's reasoning processes and 
to refine the knowledge obtained from the expert. This information is sometimes easier to capture when the 
expert is faced with unusual and unfamiliar design or problem circumstances. The method relies on the 
expert to identify a tough case and document the solution process. This method is best used towards the end 
of the domain investigation process. 
Protocol analysis 
Since experts generally find it easier to discuss specific examples and answer questions pertaining to 
specific cases, it is usefiil to present a specific case or task to the expert and pursue lines of questioning 
related to it Reviewing a previous case can prompt the expert to recall long forgotten facts and experiences. 
Another form of this method is termed a verbal report. The expert is furnished with a written copy of a 
problem or an old case. The expert is then asked to provide a verbal report of the material. This thinking 
aloud strategy avoids motivational bias as long as questioning that may lead the expert's thinking is 
restricted. Verbal reports can become time-consuming. It is estimated that it takes a person twice as long to 
verbalize a thought as opposed to simply having it. It should also be realized that the expert will not and 
sometime can not express all thoughts. 
Instead of discussing documented cases, the expert can be asked to actually perform the task(s) and 
talk as progress is made. When an expert is asked to talk through a task, the developer not only hears a 
descripdon of the expert's actions, but also has an opportunity to infer what knowledge the expert must be 
using and notice things that the expert isn't aware of or able to articulate. Words, pictures, and movements 
are addressed in different sections of the brain. Therefore, these may be difficult to accurately report. 
Protocol analysis is more appropriately used later in the knowledge acquisition process to obtain procedural 
knowledge. 
During protocol analysis the expert is instructed to say whatever comes to mind. The expert must be 
encouraged and sometimes reminded to keep talking. Expertise can not be observed direcdy, however, the 
expert's actions during problem solving can be seen. It is assumed that experts have developed a set of 
actions and abilities that are required for problem solving or design. Protocol analysis also points to areas of 
knowledge where more detailed information is necessary. Protocol provides a record of the expen's 
activities, which can be used to develop a list of specifications for any product that addresses the same needs. 
Thus, it is possible to develop a specification of expertise for a class or problems. 
One drawback is that the act of talking through thoughts and actions can interfere with or inhibit the 
expert's train of thought This is especially true when the task is complex and requires high levels of 
cognition. Likewise, the expert may actually perform the task differently if forced to discuss it. People with 
higher skill levels often perform tasks automatically, but when asked to report their methods revert to using 
methods used at a lower skill level, which tend to be slower, more verbal, and less integrated. However, there 
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has been some experimental evidence that verbalizing during problem solving does not alter the solution 
content [42]. Another drawback is that protocol analysis often produces an incomplete pictiire. The expert 
can typically reason faster than can be vocalized and therefore may leave out steps in the solutions process. 
These are often the steps that are difficult to verbalize or may be so obvious to the expert that they are given 
no conscious thought. Verbal reporting necessarily imposes a sequence on what information is provided that 
may or may not represent reality and often promotes rationalization. It has also been found that the 
vocabulary used in reporting while doing a task is different than that used when the reports are made away 
&om the task. This may suggest that knowledge is accessed differendy in each case. 
Several other factors may contribute to the accuracy of the information that is collected; context, 
discrepancies between the magnitude of cause and effect, and judgment all may play a role. Additionally, 
protocol analysis requires huge amounts of time and other resources. The knowledge is often acquired in a 
non-systematic marmer as the expert proceeds in a non-directed fashion, and contains significant quanuty of 
irrelevant informadon. These factors can make the results very difficult to analyze. 
The session should be completely documented for subsequent review and analysis. A summary of the 
session should be presented to the expert for verification. During this process the expert may also provide 
additional details. There are different types of analysis that can be used to discover different aspects of the 
underlying knowledge. Referring phrase analysis is used to identify a set of referring phrases used by the 
expert. These phrases help to define fiindamental conceptual objects. Assertional analysis is used to identify 
a set of assertions made by the expert about the objects identified by the referring phrases. This analysis helps 
one find reladonships between objects. Script analysis identifies the overall structure of the reasoning 
process, argument or explanation the expen provides during the session. This analysis is intended to produce 
insight about the goal structure of the expert's solution process. Syntactic analysis is based on the 
identification of three types of behavior. The first type is any operation that is part of the problem 
solving/design process and does not depend on the context of the problem. Operations are indicated by verbs 
and are easy to identify with some knowledge of domain vocabulary. It is not to extrapolate beyond the 
information that is actually present This is more of a risk as the developer's domain expertise increases. The 
second type of behavior to look for when syntactic analysis is performed is a pattern of operations, which are 
identified as an episode. The pattern indicates that certain operations require performance in a specific order. 
The third syntactic category requires identification of data cues that are indicated by domain nouns. This 
category corresponds to the data that is processed by the domain operations. Semantic analysis assumes that 
problems are solved by proceeding from one problem state to another. Semantic analysis asserts that the 
expertise necessary to solve problems can be characterized by actions, abilities, goals, conditions, strategies, 
and solutions which are categories derived from the syntactic categories listed previously. Actions are the 
means by which transitions between problem states are made. Goals represent the desired states of problem 
solving. Abilities are required to perform the actions necessary to achieve goals. Conditions are new problem 
states defined by new data cues. Both new environmental information and new internal information 
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articulated during the protocol should be noted. Environmental information refers to information sought from 
the domain by the expert Internal information refers to information that is produced by some internal 
operation performed by the expert Strategies are the permissible means data is processed so that movement 
between different problem states can be accomplished. Solutions are the final states where goals are 
achieved. Frequency analysis identifies important goals required to achieve a solution. The goals are 
identified in the protocol record and their frequency of occurrence is recorded. The second issue that can be 
addressed using frequency analysis is whether goals can be used a problem sequences. Temporal analysis 
divides the protocol record into intervals representing stable states. Goals are plotted against conditions 
producing a goal trace. 
B33.6. Interruption analysis 
Interruption analysis is similar to observing the expert or protocol analysis, except that the expert is 
observed to the point where the observer (developer) no longer understands the expert's thought process. The 
expert is not required to talk aloud and therefore is more likely to perform the tztsks naturally. This method 
captures the on-the-spot knowledge process. 
Questionnaires 
Questionnaires are essentially an extension of <ui interview. Basically, the only difference is that 
questionnaires present the questions in a written format These can be effectively used as a means to fill in 
details and obtain clarification about acquired knowledge. Questionnaires can be used interspersed in the 
interviewing process at points where the required answers are expected to be complex so the expert can 
provide more comprehensive answers. Questionnaires should be tested to see that they consist of clearly 
stated questions with appropriate assimiptions and background information provided. Pre-testing 
questionnaires can lead to an appropriate structure and assure the questions are meaningful and do not 
overlap, include the full range of responses, are not too restrictive, and do not favor particular answers. An 
advantage to using questionnaires is that the experts can answer questions at their own pace and at 
convenient dmes, but deadlines for returning the answers should be set 
B3.6. Personal journals 
It may be impossible for an expert to provide all of the knowledge relating to a problem during a 
single or even multiple sessions. Often, details will surface subsequent to the formal sessions. The expert 
should be provided with a personal journal in which to keep notes and record details that occur during in the 
course of normal work. These can be incorporated with the other information during the next session. 
Journals require highly motivated and dedicated experts to be used successfiilly. 
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B3.7. TutoriaJs 
In the early stages of knowledge acquisition the expert can be asked to put together an introductory 
tutorial or lecture for presentation to the developer. This can be used to obtain concepts, relationships, and an 
overview of the domain, but will be of little value for obtaining organizational structure in the domain since 
the presentation style of the expert may not correspond to this structure. It requires some preparation time for 
the expert and the coverage may be arbitrary. This technique may make some experts uncomfortable. A 
modification to this technique may be appropriate if videotaped lectures or lecture series pertaining to various 
subjects are available within the domain. 
B3.8. Rubrics 
A rubric is a rating guide that provides a deliberately expressed scale with which to quantitatively or 
qualitatively differentiate among a group of behaviors or evidences of thought that result from a given 
stimulus. Rubrics have been used extensively in education assessment to provide a systematic consistent 
performance evciluation vehicle. Some of the same strategies can be adapted to the knowledge acquisition 
process. 
Delineating clear criteria is imperative to the equitable and consistent evaluation of complex human 
performance. Vague or unstated criteria make it difficult to accurately make valid assessments of 
performance. A generic approach to setting criteria to maximize the amount of information obtained begins 
with examining the design task and dividing it into distinct subtasks, each of which demonstrates the 
designer's skills or comprehension and application of the knowledge required to accomplish the subtask. The 
next step is to identify the critical cognitive and performance components that are essential to the task. The 
development of a rubric tailored for the design task would begin with a list of multiple design outcomes. 
Each outcome would be divided into performance levels with a list of corresponding traits or characteristics. 
Examples of traits or characteristics are often provided to clarify meaning. 
The characteristics used to describe performance should reflect the important qualities of good 
performance in the domain. These qualities can be provided by experts, customers, and end-users. These 
persons should be asked to think about the following questions when they are considering appropriate 
characteristics. 
• What are the attributes of good designs? 
• What are the attributes of a sound design process? 
• What qualities or features indicate good design processes were practiced? 
• What tasks will individuals perform that indicate they are working towards the design goals? 
• What does the observer expect to see if the job is being done excellently? 
• What are the examples that exemplify the criteria? 
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There are a few approaches to presenting criteria so that they can be understood consistendy. First, the 
criteria should be written in terms of the behaviors or evidences that will be seen. For example a criteria for 
good design performance might be, 'good design procedures include keeping a thorough design change 
record so that the evolution of the design is documented'. Second, models and examples should be presented 
for each characteristic. A checklist of criteria for evaluating criteria is given below. 
• All important and meaningfid outcomes are addressed by the criteria. 
• Criteria reflect observable outcomes. 
• Rating scale is easy to use and easy to interpret. Interpretadon should be consistent. 
• Criteria are presented in clear language that is understandable to the users. 
• Criteria should be fair and unbiased. 
• Criteria include examples and references for clarification. 
• Criteria represent current standards of performance. 
The next step is to determine whether a qualitative or quantitative scale is appropriate. Typical scale 
choices include checklists, numerical scales, or qualitative scales. Checklists are used when one wishes to 
evaluate the presence or absence of an item. This type of evaluation typically contains many short and 
concrete dimensions, characteristics, or behaviors. They are often used to evaluate processes when the only 
requirement is to determine that steps were performed or behaviors were displayed. Checklists do not attempt 
to judge quality of performance. Numerical scales use numbers to indicate performance level. When 
numerical scales are selected the number of points on the scale must be chosen. Keeping the number of 
points small makes the evaluadon easier and quicker, but makes it difficult to discern small differences. 
Scales with more points provide a better statistical evaluation between different observers. If several criteria 
are used to assess an outcome, the numerical scales for each criterion should be kept the same unless some 
criteria are to be weighted more heavily. Numerical scales are usually easier to remember and analyze, but in 
absence of a good description of what a numerical scale point represents, these scales can be difficult to 
interpret. 
Qualitative scales use adjectives to characterize the performance. There are both descriptive and 
evaluative scales in this category. Descriptive scales label performance but do not explicidy state the 
standards behind the assessment These scales do not attempt to place a value on the performance. Typical 
scales may read as follows: no evidence...minimal evidence-.partial evidence...complete evidence. 
Evaluative scales include judgments or value and require standard of performance. These types of scales 
require higher levels of inference on the pan of the observer. 
When human judgment is required for an observation or evaluation, a reliable outcome must meet four 
prerequisites: multiple observers would reach the same conclusion about the performance, each observer 
would provide about the same rating of the performance at a later time, the individual would perform the task 
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at the same level on different occasions, and the individual's performance is representative of the other 
persons in the domain. Employing sound evaluation procedures and clear criteria will promote consist and 
equitable evaluations. The scale determination step typically includes a description of the standards for each 
performance level along with examples or models to further describe each level. Expected performance 
levels of individuals at different skill levels may be distinguished. 
After a rubric is designed for a given application it should be tested to be certain that it captures the 
quality of the application. If it does not do this adequately, it should be revised until it is a satisfactory tool. 
Rubrics can be used with observation and protocol techniques. Since they require careful development 
to be effective the use of rubrics should be after some experience with the domain has been gained. Effective 
utilization of rubrics requires that there be more than one observer. One possibility is to have a group of 
experts observe a task and complete a rubric for that task. 
Data dictionary cards 
Once much of the information about at least one case has been assimilated, data dictionary cards can 
be developed and assimilated into a data dictionary. These cards provide a glossary or terms and their 
relationships. These cards can be used to help fill in gaps of missing information. Cards can also be used for 
new cases. In many cases the same types of knowledge are required. Utilizing this method may help the 
expert recall information for other cases as convenient Multiple experts can be used to solicit the information 
required on the cards. In some cases the experts will be aware of different information and in some cases the 
experts will have different perspectives and provide different types of knowledge. It will also require less 
commitment of time for the knowledge engineer. 
B3.10. Written sources of knowledge 
Knowledge may be acquired from other than human sources. Document analysis can be used to learn 
about a domain as well as fill in facts and details later in the knowledge acquisition process. The following 
sources should be considered depending on their availability. 
Textual representations including books, journals, reports, manuals, component and vendor catalogs, 
and databases help to maintain temporal or logical sequences. 
Diagrammatic knowledge acquisition 
Graphical representations including diagrams, graphs, sketches, and drawings represent spatial 
information. There are many reasons why diagrams, graphs, and drawings are so important to the knowledge 
acquisition process (as well as knowledge representation later on). First, these mediums group all information 
used together in a central location. Processing of information is not limited to a serial process because there 
are many adjacent elements, which may reduce search tasks. Second, information about geometry and 
topology are maintained which promotes indexing of information. Third, many perceptual inferences can be 
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made easily. Fourth, studies show that designers rarely compare design proposals to more than two or three 
constraints. This is likely because of human memory limitations. Drawinp can expand the capacity for 
comparison by bringing the design proposal and constraints to the same level of abstraction. Fifth, features 
used to represent geometry or topology are not easily represented textually or verbally, but can be graphically 
represented easily. 
Graphs and diagrams, which are extemalizations of expert's mental models, have long been 
recognized as visualization aids, but in the knowledge acquisition process they can also assist in the 
knowledge elicitation process. It is natural for experts to draw graphs and diagrams during the knowledge 
elicitation process. During knowledge elicitation, when an expert draws a graph, the attention should be 
automatically focused on how the expert uses the graph and where the expert's focus of attention is centered. 
State knowledge may be elicited using Cartesian graphs. The axis represents a coordinate space in 
which it is possible to distinguish different states. It may be possible to identify regions of normal operation 
and regions of abnormal or extreme operation from a simple graph. It is also possible to specify the 
relationship between variables using Cartesian graphs. The ranges of values that are of interest as well as 
over which the values the relationship holds are also typically represented on the graphs. Information about 
the rate one variable changes with respect to another variable can be ascertained along with boundary 
conditions and limit values. 
The more complex a graph becomes, the more knowledge it can help to eliciL Often a third variable 
can be represented on a Cartesian graph. This will provide information about how a third variable is 
influenced by the other two. 
A second category of diagranis that aie often used during the knowledge acquisition process are law-
encoded diagrams. These diagrams are geometric, topological, or spatial representations of underlying 
relationships of a law or system of laws. An example is an algebra triangle which represents the equation Y = 
C» dt. These types of diagrams can be used to accurately determine the parameters governed by physical 
laws. Both qualitative and quantitative analysis is possible. Interactive manipulation of these diagrams allows 
experts to judge whether changes in variables are consistent with their knowledge of the process. Law 
encoded diagrams can be of assistance in building models of the system or examining extreme or special 
cases. The cognitive efforts required to generate and use law encoded diagrams are less than those required 
for other types of representations. 
Engineers use sketches and drawings to convey ideas. Since humans suffer from cognitive limitations, 
they are faced with a difficult task when working on a complex design. Drawings and sketches often serve as 
a memory cues to assist engineers in keeping thoughts organized and to avoid forgetting a new idea. Many 
times designs take shape as the engineer sketches, as if a mental model is being transcribed on paper in a 
real-time dynamic manner. Drawings a sketches act as memory extensions for visual images in the designer's 
mind and therefore serve as more than archives for complete designs or as means to communicate with 
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others. Due to the fact that engineers are typically very comfortable with drawings and sketches, a great deal 
of valuable information can be gleaned when the expert uses them. 
When drawings and sketches enter into the knowledge acquisition process one needs to be aware of 
the different kinds of marks-on-paper made by designers during the design process: sketch marks, draft 
marks, text marks, dimensional marks, and calculation marks, Ullman [43]. Sketch marks are free hand 
where draft marks are made using mechanical drawing tools. Text refers to letters, words, or numbers that are 
not part of the dimensions or calculations. Examples include manufacturing notes or material lists. 
Dimension marks include numbers, symbols, and dimension lines and may be sketched or drafted. 
Calculation marks include equations and results. These may provide checks or constraints or verification of 
proposals. 
The purposes of making these marks are classified into four categories: add, patch, refine, or recall 
information. The added category includes any marks made for the first time that are not given in an initial 
specification or constraint. Patch refers to the situation where a feature of the design violates a constraint and 
must be altered. Patches do not change the level of abstraction of the sketch or drawing. The refine marks 
refer to drawings, sketches or text used to provide support at a less abstract level. Recall marks correspond to 
marks made by the designer as previous relevant information is recalled or some design specification(s) of 
constraint(s) pertinent to the current drawing. Recall marks do not provide any new information. 
B.4. Indirect Methods 
Indirect methods of knowledge acquisition do not direcdy rely on the expert's ability to verbalize 
knowledge. However, they are more limited in the type of knowledge they can reveal. For the most part, 
indirect methods are used to determine relationships and structures of knowledge. Experts are asked to 
perform a variety of tasks that will be discussed. The developer makes inferences about what the expert must 
have known. Each of these methods has built in assumptions about the form of the basic knowledge 
representation. Care must be taken to see that the techniques are only used in situations where their implicit 
assumptions are not violated. 
B.4.1. Multidimensional scaling 
Multidimensional scaling is used to obtain structure from a matrix of data that represent the 
relatedness of a set of objects or concepts. It can be used to determine an overview of the similarities among 
domain concepts. Similarly, it can be used to find dimensions that distinguish objects or concepts. The results 
lend themselves to statistical analysis and can be averaged over more than one expert and are therefore more 
general. 
During the process the expert compares each object or concept with all of the others and provides an 
estimate of similarity. The items are scaled on a preselected number of dimensions. It is difficult to use when 
the objects or concepts vary in too many dimensions. It often requires a great deal of time and the expert may 
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need to take several breaks before the task is completed. Results may be difHcult to interpret and may require 
subsequent analysis. A think aloud procedure can be used with the multidimensional scaling technique to 
provide more insight into the experts reasoning. 
B.4 .^ Repertory grid technique 
The repertory grid technique is based on personal construct theory that hypothesizes that each person 
is a scientist with a personal model of the world with personal classifications and categories. Repertory grid 
analysis is similar to multidimensional scaling technique discussed previously. Either of these techniques are 
good at detecting subtle distinctions between objects or concepts even when the experts can not verbalize 
criteria used to noake the distinctions. However, there are some notable differences between these two 
methods. First, the repertory grid technique determines how many dimensions are produced. This is in 
contrast to the multidimensional scaling method where the developer presumes a number of dimensions to 
use. Second, the expert is required to name the dimensions throughout the session where multidimensional 
scaling requires this labeling at the end of the process. Third, the repertory grid model can only model one 
expert's perception. The repertory grid technique may produce distinctions that are dependent on the 
terminology used by one expert The eiicitation process often makes the expert think twice about the 
problem. Also, grids can be analyzed to discover imderlying patterns that may require fiirther investigation. 
A repertory grid is a two-way classification of data in which events are cross-referenced with concepts 
to represent an individual's system of personal observations of the world, and classification of experiences 
relative to the observations. Common terminology used in this method includes elements and constructs. 
Elements are the entities that are used to define the topic. Elements are selected depending on the purpose of 
the grid, but should be similar in type and complexity. Elements should encompass the topic as 
comprehensively as possible. Reasonable-sized grids contain one-half to one dozen elements. Constructs are 
used to compare how elements are similar or different firom each other. Conventional repertory grid analysis 
utilizes bipolar constructs where each pole has a meaning opposite to its corresponding pole. Since the field 
of constructs can be quite broad, it is critical to select constructs that are relevant to the goals of the repertory 
grid analysis. Typically, both objective or subjective descriptions and rules of thumb are valid constructs for 
knowledge eiicitation. Since grids are tailored to an individual, the terminology may only be meaningful to 
that person. Since the terminology is used mainly as a cue to memory, this is not a serious limitation. The 
elements and constructs can be organized into a two-dimensional grid. The repertory grid method 
development consists of the following steps. 
The first step is to define a problem and then ask the expert to think about it. The expert then 
assembles a list of elements that are relevant to the problem. From this list the expert is asked to select a 
subset of items that can be naturally compared. This list is a result of the expert's judgment and intuition. The 
most common means to elicit relevant constructs is called the triad method in which groups of three elements 
are presented to the expert. The expert is asked to express how two of the three elements are alike and thus 
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different firom the third element This description becomes what is known as the emergent pole. The other 
pole, called the implicit pole is established using either the difference method where the expert defines a 
construct describing how the third element differs from the other two, or a second method called the opposite 
method that requires the expert to define a construct that is opposite of the emergent pole. This method is 
continued until every combination of elements is explored. 
The repertory grid method can be modified to include numerical scales rather than bipolar constructs. 
Multipoint scales with odd numbers of point allow an expert to select a neutral classification when that is 
more comfortable. Neutral ratings may mean that the element belongs to both poles, or that the element 
belongs to neither. This point needs to be clarified on the grid. 
The next step consists of assembling a grid with the elements listed at the top of each column and 
using the constructs as row labels. The expert is then asked to fill in the resulting matrix, rating all elements 
with respect to all constructs based on a given numerical scale. 
The repertory grid method is best used with only one expert with a narrowly related set of concepts. 
Think aloud protocol may also be incorporated to capture more of the expert's conmients and thought 
processes. Typically it is used early in the knowledge acquisition process to obtain an overview. It can be 
exploited to obtain different levels of knowledge and different approaches that will determine what novices 
need to know. 
The most efficient implementation of the repertory grid technique would be a computer software 
package designed to carry out this knowledge acquisition technique. There are many such software packages 
that need to be explored to determine what might be available. 
Since the repertory grid technique is based on individual perspectives and experiences it is highly 
dependent on which experts are used to complete the grid and their individual conceptual systems. 
B.4 J. Modified repertory grid analysis 
Garg-Janardan [44] developed this six phase method which is called a structured methodology for 
eliciting expertise. During the first phase the appropriate domain is identified and time is spent becoming 
familiar with it. As a result, an items table is created which will be used to prompt the expert for additional, 
detailed information. 
Phase two encompasses the grid elicitation procedure. The repertory grid technique discussed 
previously is the basis of this approach, however it has been modified to include three response modes and 
four stimulus modes. The three stimulus modes are singles, dyads, and triads, and refer to the way in which 
the elements are presented to the expert. When a single is presented, the expert is asked to provide a 
characteristic that corresponds to any item in the items table that is used in conjunction with the element. 
When two elements are presented at once to the expert, the expert is asked to think of a characteristic from 
the items table that makes the items either similar or different The triad method presents three elements at a 
time and the expert is asked to describe a characteristic from the items table that influences two of the tasks. 
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but does not affect the third. The same three items are presented again and this time the expert is asked to 
give a characteristic that influences only the third element in the triad. This results in the expert providing 
constructs. A grid layout contains one row for each response and enough columns to include all elements 
plus the four additional columns for noting the response, the response mode, the item number and name, and 
any exceptions. 
The third phase consists of grid modification and subset selection. The expert is given a copy of the 
grid created in the previous phase and is free to make changes or expand it A final aspect of this phase is to 
request that the expert identify the five most important characteristics for each element. 
Phase four utilizes the characteristics identified at the end of phase three. These characteristics are 
listed in a table. The expert is asked to fill in typical as well as atypical values or ranges of values for each 
characteristic. The expert is also asked to identify the source of the values for each characteristic. 
The last two phases are concerned with the elicitation of states, outcomes, and actions. For a design 
application it is not possible to identify all possible solutions that may be developed. Therefore, the objective 
is to identify an initial set of permissible states. Multidimensional scaling can be used to obtain the states. 
These states are then used as elements and the grid process is repeated to obtain sets of outcomes. The expert 
must develop a detailed description of the various states including characteristics, actions that allow the 
transition of one state to another, and constraints along with how they are tested. The expert is also asked to 
specify how the actions are performed. 
B.4.4. Hierarchical clustering 
Hierarchical clustering is similar to multidimensional scaling, but is based on different assumptions. 
Hierarchical clustering simply asks whether or not an entity should be a member of a cluster and does not as 
the expert to scale the degree to which an entity may belong to a cluster. A hierarchical clustering begins 
with a half-matrix of similarity judgments. These judgments are made based on the number of nested clusters 
two entities have in conunon or the level of the hierarchy where the two entities become members of the 
same cluster. The half-matrix evolves into a hierarchical representation of the entities, as items that are 
closest together in the matrix become members of the same cluster. After the original matrix entities are 
joined into clusters, a new matrix is formed and the process is repeated with the new clusters forming the 
new matrix entities. Each time the matrix is redrawn, the distances among unclustered items are copied to the 
new matrix. The distances between the new clusters and the previous entities are calculated as the minimum 
distance, maximum distance, or average of all cluster items in the new entity. 
This method is relatively simple and direct. It can be completed using a pencil and paper and requires 
no special analysis tools. The drawbacks are that it requires an original distance matrix that can be difficult, 
time-consuming and subjective. Additionally, the method of calculation of intermediate distance values for 
the clusters is arbitrary. Each method will produce different results. 
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B.43. Weighted networks 
Weighted networks also require distance judgments on all pairs of entities. These distance 
measurements are often the result of an expert examining a network of primary and sometimes secondary 
paths between every pair of entities. From the matrix of distance Judgments a minimal connected network is 
created by connecting the closely connected entities with solid lines. The minimal connected network can be 
elaborated by connecdng pairs of entities with secondary links if those links are shorter than the current links 
between the individual pairs. The resulting network is then analyzed to determine the dominating concepts, 
which are the entities that have the most number of connections. The analysis also provided the entities that 
are linked into a circle. This technique is useftil for uncovering important aspects of expertise. 
B.4.6. Ordered trees 
This method was created as a result of studies about the differences in memory organization between 
novices and experts. This technique is based on two assumptions. One, it is assumed that an entity is either a 
member of a cluster or not Two, it assumes that people recall all items stored in a cluster before they begin 
to recall items from another cluster. The process starts with memory recall trials where the expert is asked to 
recall object names. The trials are repeated several times. On some trials the expert is told which item to 
begin with. The trials are then analyzed for consistencies. Sets of objects that are regularly recalled together 
are assigned to clusters and added to a lattice from which an ordered tree is constructed. These trees show 
both the clusters and also indicate the order in which clusters were recalled. The latter representation is made 
using horizontal arrows. 
This technique can be done by hand, but computer software can help make the process more efficient 
Ordered trees can be used to study novice-expert memory organization differences in a given domain. They 
can also be used to gain insight into how an expert sees the domain. 
B.4.7. Induction 
This is a computer-based method that is the center of controversy. Since experts are generally very 
good at providing examples, these can be used to induce rules or patterns. The problem is that there is no way 
to prove the accuracy or quality of the resulting rules. However, there are been cases which document that 
this techniques can be successfiilly used [45]. 
Experts are asked to provide examples and attributes, which will serve as training sets. Attributes are 
the characteristics or classifications used by experts to reach decisions. The attributes should be relevant and 
natural to the expert and the domain. The size and content of the training set can not be prescribed for any 
domain and is left to the Judgment of the experts. The training set is then introduced to a computer program 
that induces a decision tree of rules based on the training set. The objective is to either determine any 
underlying pattern in the training set or to develop a prediction model based on the training set 
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Advantages of induction include that it is objective, repeatable, consistent, and produces easily 
understood results. Induction techniques do not require assumptions about the distribution of the data. 
Induction methods have been shown be able to discover rules that experts were not able to articulate. Finally, 
induction tools permit the expert to concentrate on selecting important examples and attributes instead of 
developing rules. Induction will always account for all example cases whereas human experts often have 
difficulty thinking of cases where some rules do not apply. 
One drawback is that the results depend highly on the examples and attributes that are presented to the 
induction algorithm. If they are not representative or complete, the results will be questionable. There is not 
guarantee that the results are generalizable beyond the training set. Also, the rules the induction algorithm 
discovers may not be the same ones used by the human experts. Obtaining suitable results depend on the 
review of the human experts. The process will need to be refined until the expert is satisfied with the results. 
Induction is often used to supplement techniques like interviewing. Situations where induction may be 
useful include those where the developer is familiar with the domain and its terminology so that there is not a 
heavy burden on the domain experts. Another ideal situation is where the examples and attributes are already 
documented and thus easily prepared for the induction process. Induction is best used toward the end of the 
knowledge acquisition process where it can assist by raising questions as well as to identifying contradictions 
or gaps. 
Iterative Dichotomizer 3, ID3, an induction tool developed by Ross Quinlan is the most popular 
commercially available software package. Neural networks have also been used as induction tools. 
B.4.8. Card sorts 
This method is used to obtain the criteria experts use to organize domain concepts, formally referred to 
as classification knowledge. Prior to the actual sorting procedure, a list of concepts must be ascertained using 
one of the previously described techniques. The concepts are then recorded on index cards and randomly 
placed on a table. The expert then groups the concepts in as many groups as possible with the constraints that 
each group had to contain more than one concept and that the expert could describe some logical rationale for 
the selected grouping. When the expert is satisfied that the sorting is complete each grouping is labeled. The 
next step is that the expert combine into slightly larger groups, which were relabeled. This task was repeated 
until the groups could no longer be logically combined. The result of this process is a hierarchical 
organization of the concepts from the expert's perspective. This is an important limit to the process: it results 
in a structure that is particular to the expert. Thus, there are a variety of levels of abstraction among the same 
set of concepts. In the same vane though, this process is easily adapted to the different styles of the experts. 
Experts find that sorting is an easy and natural task. The hierarchical organization that results can often 
suggest a method to incorporate new concepts added to the knowledge base at a later time. 
Two situations can arise during a card sort episode. The same term can describe a concept at different 
level of abstraction. Also, it is possible for the certain concepts to belong to more than one group. In the latter 
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case it may be useful to adopt a network organization rather than a strict hierarchical organization. Think 
aloud techniques can be combined with the card sort to help determine the expert's strategies and thought 
processes. However, this procedure does not usually produce knowledge that can be readily represented. 
Classification of Knowledge Acquisition Metiiods 
There are many ways to classify knowledge acquisition techniques. When deciding which techniques 
to use it is important to determine what potential conrununication obstacles may exist in acquiring the 
knowledge and chose methods that minimize their impact. There are three categories of communication 
obstacles: within obstacles, between obstacles, and among obstacles. The first category, within obstacles, is 
concerned with the cognitive limitations of human information processors. Humans have limited capacity to 
store and recall information, and this ability is impacted by perception and representation biases. When this 
type of communication obstacle is suspected knowledge engineers should employ techniques that focus on 
improving recall and understanding. Between obstacles refer to communication problems between people. 
These can be a result of personality, cognitive limitations, and a lack of a common language. Techniques that 
should be used to in this situation are those that enhance the communication process. The among obstacles 
are those that are concerned with balancing the requirements of the various users. These obstacles involve 
bargaining and compromise among the stakeholders as well as tradeoffs that are necessary to develop a 
usable system. The techniques that are suited to meet these challenges incorporate different viewpoints and 
means to negotiate between interested parties and requirements. 
There was a study conducted by Cullen and Bryman[46], which reported the relative frequency of 
various knowledge acquisition techniques. Fig. B.2. The labels used for the techniques reported in the survey 
may not identically match those used in this research, but the general concepts behind them are a good fit. 
B .^l. Forms of questions 
Typically, questions that begin with words like what, why and how are open-ended and allow the expert to 
articulate a detailed response. Open questions are broad in nature and typically allow the expert to answer in 
a natural maimer. These types of questions are often used to obtain an overview of the expert's realm of 
knowledge as well as what the expert thinks is important. The developer will also obtain insight into domain 
vocabulary, content, and context. Open-ended questions may provide large quantities of general information, 
much of which the developer may not have even known to ask for. However, caution should be used when 
these types of questions are asked because humans often find it difficult to describe what they know. This 
type of questioning is usually time-consuming jmd requires the developer to work hard to keep the interview 
focused and moving forward. The developer will also be required to concentrate to determine if probing is 
appropriate or if the expert has omitted any important information. It can also be a challenge to determine if 
provided information is important enough to pursue. It is important to give the expert time to think before 
answering an open-ended question. 
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Figure B.2. Frequency of use of various knowledge acquisition techniques 
Questions that begin with who, where, when, and which require more specific replies. These are 
refened to as closed questions and generally only require a few words in response. These types of questions 
are good to use to acquire very specific infonnatioa There are several advantages to using this question type; 
the developer can more easily keep the questioning focused, these questions are less time consuming, and 
responses are easily recorded. Often they are used to clarify a previous response to an open-ended question or 
verify the correctness of an interpretation made by the knowledge engineer. They can be difficult to properly 
use. Often, limiting an expert's response will lead to incorrect or distorted information. Another disadvantage 
is that the amount of information obtained is small relative to the time invested. The domain expert is also 
less likely to volunteer additional unsolicited information. When closed questions are used, the developer 
will do more of the talking, which is generally much less than ideaL 
B.S.2. Steps in selecting questions 
Selecting appropriate questions to ask experts is an evolutionaiy process. In most cases it is beneficial 
to enhst the help of persons familiar with the domain to accomplish this task. Such a person is often called a 
domain sponsor. There are several steps that guide the selection process. First, a suitable description of the 
goals of the lEDT must be developed. Second, general areas of questions that consist of specific issues that 
need to be investigated must be identified. As part of this step the purpose of each set of questions needs to 
be defined and the objective in asking each questions should be established. Third, detailed and concrete 
questions for each area should be written. The ability of an expert to answer a question and the potential 
value of the answer should be considered. Fourth, the complexity of the question should be examined. 
Complex questions can be difBcult to interpret and answer and should be divided into simpler questions. It is 
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also important to consider the magnitude of the data that is required for the expert to answer the question. If 
the magnitude is too great, the question should be decomposed into smaller parts. The level of diversity in 
responses from different experts should be considered along with what the sources of the diversity may be. 
Such consideration will help the developer to recognize vague questions and determine whether they need to 
be reworded. 
B,53. Approaches to questioniiig 
There are two basic approaches to questioning, the fimnel and the inverted fimnel. The former 
question sequencing starts with general questions and works toward specific, detailed questions. This strategy 
is effective when the objective of the session is to acquire knowledge about an event or situation and the 
expert is able to provide a comprehensive account without much prompting. The funnel strategy allows the 
expert to proceed in a natural maimer. An additional reason to use this strategy is that using broader questions 
first minimizes the effects of imposing a frame of reference for the questioning. The fimnel strategy should 
be considered when the developer does not have a complete picture of what information is available. 
An inverted funnel strategy, as the name suggests, begins with detailed, specific questions and moves 
to broader questions. This strategy is appropriate when the expert is not able or willing to provide detailed 
descriptions without many prompts. Specific questioning should be employed to until the expert comfortable. 
Inverted fimnels can be effectively employed to obtain details upon which judgments were made. 
B .^4. Classification of tactical questions 
Topic introduction is often accomplished using lead-in questions, which are not direcdy relevant to the 
objectives of the interview but serve the purpose of establishing the interview's mood. Different types of 
lead-in questions can be used to introduce the topic area so that more accurate and valid information can be 
provided. Interest lead-in questions that concentrate attention on an area that is especially interesting to the 
expert. Chronological lead-ins consist of questions concerning a period of time proceeding the period of 
interest These help to put the expert in a reminiscent fi^me of mind. Pivot questions serve as a turning point 
in the questioning where it is necessary to determine if the next line of questioning is appropriate to the 
expert's experience and knowledge. Transition questions provide a bridge from one area of questioning to 
another. Transitions are important to demonstrate how topics relate to each other and to the overall objectives 
of the project. They also are effective means to establish a new frame of reference or context so that the 
expert can address the new line of questions from the correct perspective. 
B ,^5. Structuring questions 
After an initial set of questions has been developed, the process of question refinement should begin. 
The goal of this process is to produce questions that are easily assimilated and processed, thereby minimizing 
the burden on human cognition. Question refinement occurs through structuring in which the questions are 
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organized and presented in a clear, controlled manner. There are several benefits to question structuring: it 
focuses the expert's attention on what information is needed, it lessens the cognitive burden of answering the 
question, it minimizes interpretation difficulties, and it makes the questions more acceptable to the expert if 
they are worded in the language the expert uses in the domain. It is important to realize that incorrect or 
incomplete knowledge may be obtained if an incorrect question is asked or if the correct question is asked 
poorly. 
The following paragraphs describe several techniques for structuring questions. The first technique 
concerns the presentation of question information. The objective is to present information in and orderly way. 
Often the expert will require information beyond the problem statement There is a direct relationship 
between the complexity of the question and the amount of information required. Question presentation can be 
divided into two areas: types of information required, and the order of presentation. 
Background information, assumptions, and definitions must be addressed as part of the information 
requirements area. Background information includes the information the expert will need to answer a 
question and includes such things as what has happened up to the point of the question, what the current 
status of the problem is, or what constraints are imposed on the question. The expert will also need to know 
which assumptions underlie the question. Otherwise, the intent of the question may be changed and seriously 
alter the type of information that is obtained. The expert should explicidy state any assumptions additional 
assumptions so that that context of the answer is clear. Definitions of terms is the other category of 
information that is critical. Technical and domain terminology must be carefully explained. It is 
recommended that questions be phrased in the language used by the domain expert. 
Information ordering is a structuring technique where the information is organized in the order the 
expert will need it The logical flow of information along with how humans assimilate and recall information 
should be considered. In general, humans assimilate information more easily if it fits into previously 
established mental models. This issue leads to the conclusion that the questions should also be organized in a 
logical manner. 
The second structuring method, question decomposition, is concerned with dividing the questions into 
more easily answered parts. This task promotes accuracy and minimizes the information-processing burden. 
Complex questions are the focus of this task, as they almost always require desegregation. Decomposition is 
not a simple, straightforward procedure in many cases. Besides complexity, factors such as project goals and 
knowledge organization need to be considered. If the expert's reply is to be documented so that others can 
understand it, the questions should be broken into simpler components. The amount of detail that is required 
is also a prime consideration. As a general rule, the more detail required, the more decomposition needed. 
The reladonships (causal, temporal, logical) between the parts of the quesdon must also be considered. 
Structuring includes the representation of the question. Pictorial and mathematical representations are 
often used to illustrate what factors impact the question and what their relationships are. The primary 
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consideration is that the representation be consistent with question decomposition, analysis plans, and the 
expert's problem solving procedures. 
When considering questions, it is important to consider their scope. Some questions may be so broad 
that their answers are beyond the objectives of the interview. On the other hand, narrowly scoped questions 
limit the amount of information obtained. Individuals tend to use very narrowly scoped questions during 
normal conversation. This tendency may severely limit the value of an interview session, especially during 
the early stages of the knowledge acquisition process. Small wording differences can significantly alter a 
question's scope. 
Broad questions should be used to obtain information that might be biased if narrow questions were 
used since specific questions almost always require a reference frame and specific response mode. Broad 
questions, when asked appropriately, encourage experts to respond naturally. They keep the information 
flowing in the desired direction, from the expert to the developer. There are many circumstances where broad 
questions should be considered: 
• when there is interest in finding out how the expert approaches or thinks about a problem or subject 
• when it is desirable to determine the relative importance of various points or topics 
• when complex structural relationships are sought, when there is interest in discovering expert's 
reference frame 
• When the chronological order of events is of interest, or when the vocabulary of the domain needs 
to be ascertained. 
Narrow questions require the developer to be very familiar with the expert's vocabulary, which may 
not be practical from the outset of the knowledge acquisition process. Additionally, when narrow questions 
are asked there is a danger what the expert may fill in memory gaps. Narrow questions should be used when 
specific facts or opinions are required. Many times narrow questions are accompanied by structured answers 
which means that the expert is given a choice of explicit responses from which to chose. The amount of 
answer structure depends on what information is required. When multiple answers are provided there is a 
chance that the answers may suggest a particular response or limit the expert's ability to answer the question. 
Question phrasing refers to the wording of ±e question as well as the representation scheme selected. 
The goal of this method is to reduce misinterpretations and bias. The domain vocabulary should be used as 
much as possible. Each domain has its own special vocabulary that is ofren not intelligible to outsiders. The 
special vocabulary, often referred to as a universe of discourse, is a type of shorthand that is more efficient 
and accurate than everyday language. Phrasing should be checked with individuals familiar to the domain for 
clarity and bias by inquiring what the questions mean to them. When selecting vocabulary to use to phrase a 
question, the expert's terminology should be used as much as possible to minimize the risk that the expert 
will feel a need to translate domain language into more commonplace terms. When phrasing questions it is 
important to avoid writing leading questions in most cases. The most conmion leading question restricts the 
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way in which the question can be answered either by using phrasing that suggests an answer, or by supplying 
a limited list of answers from which the expert can chose. Leading questions can be especially detrimental 
when the expert does not have the answer clearly in mind and would thus be more susceptible to suggestions 
or when the expert can not match an answer with one supplied within the question. 
Responses to question may vary due to the context in which they are asked. Context is perceived by 
the expert based on how the project was presented, who is backing the project, the purpose of the particular 
acquisition session, and the background of the developer. The sequencing of questions can also set up a 
context for the interview session. Providing the appropriate context helps to clarify the meaning of the 
questions, which may make it easier for the expert to supply detailed and meaningful answers. Providing 
context tends to maximize communication facilitators and minimize the inhibitors. 
Determination of the best sequencing for the questions begins with consideration of opening questions. 
It is necessary in complex domains to develop questions particular to each expert's unique experience and 
area of expertise so that the interview can begin at a point that is appropriate for each. The opening questions 
serve some important functions. If the required responses are to be given in great detail, it is good to make 
the expert aware of this from the start by asking an opening question that requires a great deal of detail. 
Additionally, the first question can simply be a warm-up question that gets the expert into the appropriate 
frame of mind. The first question might also pertain to events prior to those the interview will concentrate on. 
This provides the expert with a prompt to "think into" the problem at hand. In some cases the opening 
question may be in a category from which the expert finds it easy to speak. This minimizes the chances of 
creatinj an ego-threatening situation. 
B,5.6. Response modes 
There are several response modes, which may be employed to delineate various types of knowledge. 
The first of these is an estimate of a physical quantity. This type of response is typically given in response to 
a technical question. These responses are generally convenient and offer flexibility. Experts understand this 
response mode and use it frequently. However, the accuracy of these responses can be affected by 
assumptions that the expert makes and by the level of decomposition of the question: the greater the 
decomposition the better the accuracy. 
A probability estimate is a single value given by the expert to predict the likelihood of an event When 
multiple experts are questioned their responses can be combined into a probability distribution which can be 
used as a final answer. Most experts are not good probability estimators and are often reluctant to use this 
response mode. Humans are typically biased in their probability estimations since they do not properly 
interpret statistical parameters like randomness, sampling variability, and statistical independence. 
Probability estimators are most useful when knowledge is vague and where answers need to be weighted. 
Probability theory is difficult to leam and apply so unless uncertainties are really important it is probably not 
a good response mode. 
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Odds ratios are similar to probability estimates and are used to express the frequency of rare events 
since it is easy for individuals to think in these terms. However, the total number of trials is often arbitrary 
and can impact the results. Humans tend to overestimate the likelihood of rare events. 
A probability distribution is a set of possible values for an estimate and corresponding likelihood for 
each value's occurrence. The goal is to determine a probability fimction, f(x), where x is a random value. 
Continuous scales are another type of response mode. These are linear ranges of values where each 
end represents the extremes of the range and should be labeled with values that may be text or numbers. 
Experts can use the linear scale to provide the appropriate values or range of values. Most people are good 
estimators using linear continuous scales, but scale development takes time and label scale parameters on 
each axis need to be carefiilly labeled. 
Pairwise comparisons can be used as a response mode where the experts rate a set of objects, events, 
or criteria by comparing two at a time. The expert can use comparisons of importance, likelihood or 
characteristics. Most individuals are reliable estimators when comparing two things at a time since it doesn't 
tax information-processing limits. It is possible to measure the mathematical consistency of these estimates. 
This response mode is time consuming and results in relative relationships. A baseline scale is required to 
translate the relative results to an absolute scale. 
Rankings or ratings are modes that require the expert to assign numbers or descriptions to objects, 
events, or values. Ranks can be ordered integers or text descriptions like good, average, or poor. Ratings are 
numbers from a scale or choices from a multiple choice set. This mode is generally easy to use and is good 
for qualitative information. It can become taxing to the information processing limits of individuals when 
more than seven things must be considered at once. 
Bayesian updating is the process of revising estimates by combining different sources of information 
and accounts for the conditional nature of data. However, it requires assumptions about the distribution of 
each source of data. The expert may be required to provide an estimate for the parameters for the assumed 
distribution. 
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I. The following design configuration is in response to the mission specification and mission profile 
designated in RFQ# XXX.XXX 
Mission Specification 
3at&Ta«&T^edF 
•nb 
QiisM F^l^(ntT) 
LdtsrJTirrelW 
Qii9^F%i^/^rf1stQu9^ 
liiBr_2(h) 
30) 
Oaogt Cfefeif 
Laij&Tat&SiMwi Ctet 
Mission Profile 
LOITER 1 
CRUISE 2 
CRUISE 1 
LOITER 2 
CLIMB 
DESCENT 
START 1 TAI 
TAXI 
IFF LAND 10 
3 
37DO 
aat&Tat &T^ecff D^kit 
Qnb 
Ou9e_1 fei^ (nrT) 
LdtarJ •nrrE(hr) 
Qu9^2 tegs (%cf 1st Qiis^  
Desoat Defait 
Ldtr_2(hr) 0 
Laid&Tat &SiiiiMn 
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n. The preliminaiy wing configuration is defined by the following parameter values. 
Geometric Parameter Valne Geometric Pau-ameter Value 
Aspect Ratio 7.7 Wing Root Chord (ft) 29.43 
Planform Taper Ratio 0.35 Wing Tip Chord (ft) 10.30 
Sweep Angle, 1/4 Chord (deg) 28 Mean Chord (ft) 19.9 
t/c. average 0.105 Wing Root Thickness (ft) 3.24 
t/c. nx)t 0.11 Wing Tip Thickness (ft) 1.03 
t/c, tip 0.1 Rib Spacing (ft) Z13 
Box Depth (% of Chord) 64.00% Leading Edge Angle (deg) 30.72 
Wing Span (ft) 15^9 Wing Area (ft^) 3038 
Sketch of preliminary configuration 
i 40.00 
I 
30.00 
20.00 
a 
 ^10.00 
a. 0.00 
(O c 
-10.00 
-20.00 
-30.00 
! -40.00 
m. Preliminary Weight Estimates 
Wing Weight (Raymer) ISSSSSSli m ; 
Wing Weight (GO) (lb) ! 
Wing Weight (Torenbeek) BH9SS9HI Ob) ! 
Wing Weight (MQ) (lb) 
Average Wing Weight ESU^SIiSHI (lb) i 
Wing Weight-IHistorical Trend kSSSSHII (lb) ! 
Gross Take-off Weight msmmm ob) 
Payload Weight 
Empty Weight Ob) 
Landing Waght aassasMad (ib) 
Wing Weight (Raymer) 
Wing Weight (GO) 
Wing Weight (Torenbeek) 
Wing Weight (MQ) 
Average Wing Weight 
Wing Weight - Historical Trend 
Reference Wing Configuration at Preliminary 
Design 
AHdii if* feet 
Aircraft Centertine 
40.00 60.00 80 1.00 
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rv. Pieliminaiy Aerodynamic and Speed Estimates 
Speed 
Cruise Velocity (kts) : 
Stall Speed (kts) ; 
Approach Speed (Ws) 
V. Preliminary Estimate of Fuel Requirements 
Fuel 
t I 
Fuel Needed (lb) 1 
Vl.Preliminaiy Wing Loading, Thrust to Weight, and Power Plant Estimates 
Engine Specifications 
Required Engine T/W Ratio 
TSFCa„« (Ibmjmr) 0.68 
TSFC«„(lb/lb/hr) 0.5 
Number of Powerplants (engines) 2 
Wing Loading Gb/ft^) (min) 77.42 
Wing Loading (Ib/ft^) (user supplied -optional) 104 
Vn. Estimated costs: 
Number of Test Aircraft; 5 
Number of Production Aircraft: 100 
Total RDE&T Cost sasssgs3^g55j@esa 
Cost Per Aircraft 
Vin. Special Design Notes 
ion 
APPENDIX D. FUZZY LOGIC 
D.l. Membership fimction definitions 
Membership function shape, placement of functions, and finally the symmetry of the fimctions along 
the universe of discourse are considerations in the creation and tuning of fuzzy system models. In order to 
provide the developer with a conceptual picture of how membership function definition affects output a two-
input model was created. The first input was a set of five symmetrically distributed membership fimctions 
that were not changed during the following simulations. The second input parameter, consisting of five 
membership fimctions, was changed to reflect different function shapes and distributions along the universe 
of discourse. Fig. D.l shows the trend in the output for symmetric, evenly distributed membership functions. 
Input 2 - Symmetric, Even 
§ 2.8 
> 2.6 
a 2.4 
I ^2 
Output Trend 
0.0 02. 0.4 0.6 
Input 2 Value 
0.8 1.0 
Figure D.l. Evenly distributed and symmetric membership fimctions 
Figures D.2 through D.6 illustrate the affects of varying the distribution of the membership functions. 
Figure D.2 shows how a slight deviation in distribution affects the output The second and fourth 
membership fimctions maximum were moved toward the center by a small amounL The center membership 
fimction maximum was not changed, although its extremes were moved by the same amounts as the 
maximums of the surrounding fimctions. The affects on the results are seen when the input values had 
membership in either the second or fourth fimction. As expected, the results were not dramatic. Figure D.3 
shows a more dramatic change in distribution with symmetric concentrations at the ends of the universe of 
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discourse. The impact on results shows tapid increases in ou^ut values at the ends of the input ranges and 
gradual changes at the center. Notice that the individual membership fimctions are not necessarily symmetric. 
Figure D.4 shows the opposite situation where the membership functions are concentrated toward the center 
of the universe of discourse. As expected, the output shows gradual changes at the ends and more rapid 
change in the center. Figure D.5 and D.6 reflea the increasingly more severe concentration toward the 
center of the universe of discourse and the corresponding afiects on the output 
 ^ 5 Input 2 - Symmetric. Slightly Center 
1 
0.5 
0.1 0.3 0.5 0.7 0.9 
Output Trend 
o 3 
3 
18 Z8 
> ze 
3 
a. 2.4 
3 2.2 O 2 
0.0 0.2 0.4 0.6 
Input 2 Value 
0.8 1.0 
Figure D.2. Slightly centered membership function 
Input 2 - Symmetric Toward Ends 
Z8 
a 
3 Z6 
> 
3 2.4 
a. 
3 Z2 O 
2 
Output Trend 
• • 
0.0 0.5 1.0 
Input 2 Value 
1.5 
Figure D.3. Membership fimction shape skewed toward ends 
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Input 2 - Symmetric Toward Center 
0.5 --
i 0.1 0.3 0.5 0.7 0.9 
Output Trend 
2.8 
Z6 
24 
22 
0.0 0.5 1.0 1.5 
Intput 2 Value 
Figure D.4. Symmetric membersbip function skewed toward center 
1 I n put 2 Symnietric Toward Center 
0.5 --
0 
0.1 0.3 O.S 0.7 0.9 
Output Trend 
0) > 
& 
3 o 
28 
26 
24 
22 
2 
^ • 
•
1 • 
• 
• • • 
I 
0.0 0.5 1.0 
Input 2 Value 
1.5 
Figure D.5. Symmetric membersbip fimctioa, more emphasis on center 
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Input 2 - Symmetric Toward Center 
Output Trend 
2.8 
0 
1 2.6 
> 
- Z4 
a. 
3 2.2 O 
2 
• • • • 
• • • • 
0.0 0.5 1.0 1.5 
Input 2 Value 
Figure D.6. Symmetric membership ftmction, highly skewed toward center 
The next four figures illustrate the affects on the output when the input is skewed toward one end of 
the universe of discourse. In this case there are more membership fiinctions concentrated at the lower end of 
the range. The same types of trends would be mirrored if the input were concentrated at the upper end. In Fig. 
D.7 the first four membership fimctions are evenly distributed at the lower end and the fifth function covers 
the balance of the range. The corresponding output shows a linear increase in the output through the input 
values in the first four membership functions. The output then becomes constant over the second half of the 
range, which makes sense when one examines the input where any value over 0.5 is completely in the same 
membership function. Figure D.8 shows a similar input distribution with more membership functions 
concentrated toward the lower end of the range in an unevenly distributed pattern. The output shows a steep 
increase at the lower end that gradually tapers to the constant value at the other end. The difference between 
the two output patterns is in the constant versus variable slope at the lower end of the input values. 
Figures D.9 and D.IO show the affects of input values skewed toward the lower end, but having 
overlap across the entire range. Figure D.9 is more evenly distributed than Fig. D.IO. The output for Fig. D.9 
shows an almost bilinear graph with a steep slope over the first half and a more shallow slope over the 
second. Figure D.IO has two membership functions concentrated at the lower end and one at the upper end. 
The other two cover the middle of the range. The output shows a steeper slope at the lower end, a fairly flat 
slope in the middle and an increase in slope at the right end. 
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15 Input 2 - Skewed Left Even 
-booor 
0.1 0.3 0.5 0.7 0.9 
Output Trend 
2.8 
0 
3 2.6 
« 
> 
3 2.4 
OL 
1 2^ 
0.0 0.5 1J 
Input 2 Value 
1.5 
Figure D.7. Evenly distributed, skewed left membership fimction 
Input 2 - Skewed Left, Uneven 
0.1 0.3 0.5 0.7 0.9 
Output Trend 
3 
J 2.8 
> 2.6 
I 2.4 
I 2.2 
2 
0.0 0.5 1. 
Input 2 Value 
1.5 
Figure D.8. Uneven distribution, left-hand skew membership function 
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1.5 Input 2 - Skewed Left Entire Range 
0.1 0.3 0.5 0.7 
» 2.8 
 ^ 2.6 
> 
5 ^4 
~ 2.2 
Output Trend 
• • • 
0.0 0.5 1.0 
Input 2 Value 
1.5 
Figure D.9. Membership function with left-hand skew distributed over whole range 
Input 2 - Skewed Left Entire Range 
Output Trend 
2.8 
at 
s 2.6 
> 
3 2.4 
a. 
3 2.2 
O 
2 
0.0 0.5 1.0 1.5 
Input 2 Value 
Figure D.IO. Membership function with emphasis at left end 
213 
D.2. Fuzzy System Modek for Commercial Jet Aircraft Parameters 
This section provides the details relating to the development of Comb's Method to represent expert 
knowledge in selection of the following parameters; aspect ratio, planform taper latio. quarter chord sweep, 
thickness to chord ratio, wetted area ratio, structural box depth, and specific fuel consumptioiL 
D.2.1. Aspect ratio 
The user has the option to examine the aspect ratio that an expert would use for the proposed design 
or enter another aspect ratio. The user can seek expert advice by clicking on the help cell corresponding to 
this parameter in the main user inter&ce. A user inter&ce page for aspect ratio determination as shown in 
Fig. D. 11 appears. An expert in the design domain established the relationships betv/een the input and the 
output parameters. The user has the option to alter the relationships, but should not do so without significant 
domain design expertise. 
The domain expert decided that five ranges for input and output mapping was sufBcient in the 
prediction of the aspea ratio and established the range limits for the output parameter. These ranges will then 
need to be mapped to the input parameters. The expert user can change the output limits on sheet 1 in the 
workbook designed for implementation of Comb's Method for aspect ratio. 
Hie development of the relationships between the input and output parameters was accomplished 
using multiple techniques. In some cases the relationships were developed purely on expert perceptions. In 
these cases the input ranges were tweaked until the relationships were satisfactory. In other cases processes 
were more expUcit. In the case of the thickness to chord ratio (t/c), the wing area and spar depth were held 
constant and the affects of changing t/c on the aspea ratio were examined. The wing volume was considered 
in a similar maimer. The effects of holding spar depth and wing area constant while letting volume vary were 
investigated. In this way the inverse relationship was established. Similarly, when developing the relationship 
between cruise altitude and aspect ratio, the expert held the wing loading, parasitic drag coefficient Oswald 
efficiency &ctor, and cruise velocity constant and examined how aspect ratio varied directly with altitude. 
The logic used to develop the relationships is inserted into the aspect ratio prediction worksheet in comments 
so that the users and experts can see the thought processes. 
The domain expert identified eight predictor parameters that are used in considering an ^propriate 
aspect ratio for a proposed wing desigiL Five of the input parameters are provided as design parameters in the 
main user inter&ce or calculated as in the model prediction woilcsheet These parameters are copied to the 
interface page for aspect rado selection for user reference. The user can change these parameters on the main 
user inter&ce worissheet of the lEDT. The user is provided with access to the historical trends and historical 
prediction for fuel efficiency versus payload for reference purposes. 
The remaining three parameters are selected in the aspect ratio prediction user inter&ce wodcsheet 
The user can easily identify which parameters must change since bright yellow backgrounds are used for 
these cells. The user may change payload. wing weight and wing volume on this sheet The user is provided 
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Input Parameter Values Aspect Ratio 
Payload Weight (% of Take-off Weight) 9.0% 
Historicafly 
8.7% 
Historicaily 
0.03 0.07 
Mach Numt>er 0.8 
Wing Weight (% of Take-off Weight) P 12.0% 
Lift to Drag Ratio, I/O 14.9 
Historically 
11.8% 
Thickness to Chord Ratio| 0.105 
Needed jsss^ ssm 
2391.5 4148 
Wing Volume (ft') 3000.0 
Cruise Altitude (ft) 31000 
Estimate of Aspect 
Ratio Based on input 
Parameters 
Aspect Ratio 
The ranges for the input variables and tiieir relationship to the output 
have been establtshed by an expert in the design of aircraft wings. It 
is not recommended that these ranges be altered unless additional 
infonnatnn becomes available or the actual designer has different 
knowledge or experience and a good understanding of tt  ^process by 
which the knowledge here has been encoded. 
In the event that it is desired to alter ranges, start on sheetl of this 
document 
Figure D.II. Depth knowledge implementation - aspea ratio selection 
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with access to historical predictions for payioad weight as a fimction of wing loading. Comments containing 
expert advice for the selection of payioad as a percent of take-off weight are provided. The user is also 
provided with an historical prediction for wing weight as a percent of take-off weight, which can be a 
guideline when selecting an input value for this parameter if necessary. The final input parameter the user 
must select is wing volume. The user is provided with the required fiiel voliune for the mission and the 
available fuel volume based on the wing dimensions for reference. One can choose a compromise value or 
access a parameter optimization routine to bring these two values more in line. 
The user interface page is designed so that the user can print a hard copy of the worksheet for a record 
of how the aspect ratio was determined. 
d.2.2. Planform taper ratio 
The user has the option to examine the pianform taper ratio that an expert would use for the proposed 
design or enter a different planform taper ratio. Expert advice can be accessed by clicking on the help cell 
corresponding to this parameter in the main user inter&ce. A user inter&ce page for planform taper ratio 
determination as shown in Fig. D. 12 will appear. An expert in the design domain established the relationships 
between the input and the output parameters. The user has the option to alter the relationships, but should not 
do so without significant domain design expertise. 
The domain expert decided that five ranges for input and output mapping was sufBcient in the 
prediction of the planform taper ratio and established the range limits for the output parameter. These ranges 
will then need to be mapped to the input parameters. The expert user can change the output limits on sheet 1 
in the workbook designed for implementation of Comb's Method for pianform taper ratio. 
The development of the relationships between the input and output parameters was accomplished 
using different techniques. In some cases the relationships were developed purely on expert perceptions. In 
these cases the expert tweaked the input ranges to produce satis&ctory relationships. In other cases the 
thought processes were more explicit Fuel efiBciency, wing weight, and wing volume relationships were 
developed as discussed for aspect ratio. Tip stall also affects the choice of taper ratio. Tip stall is predicted by 
the Reynold's number at the tip at approach speed conditions. There are well-established relationships 
between critical Reynold's number and tip stall that can be related to the planform taper. These were used in 
the development of the embedded relationship. Manufacturing difBctilties should always be considered in the 
design process. Using Comb's Method to implement design knowledge provides the opportunity to include 
such considerations and thus to incorporate concurrent engineering concepts. Particular relationships between 
manu&cturing difficulties and respective output parameters are domain dependent and rely on expertise that 
is not available in the current research. Such expertise could be obtained if appropriate domain experts were 
available. Likewise, drag due to lift and twist angle relationships for the current lEDT development require 
further development beyond the expertise available to the developer. Similar methods to those previously 
discussed would be utilized to develop such relationships. 
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Input Parameter Values Pianform Taper Ratio 
Close FBe Before Retiiming to Main Current Historically 
Fuel EfficaencvjTnyib| 0.03 0.07 
Needed Available 
2391.5 4148 
Needed Wing Volume (ft  ^ 1000 
Tip Stall (Reynolcfs Number) 7.17E+06 
Manufectunng Oifficutties 
Very High = 5 
High = 4 
Average = 3 
Low = 2 
Very Low = 1 
Drag Due to Lift 
Twist 
Sweep at Quarter Chord (deg) 
Wing Weight (% of Take-off Weight) 
Current 
28 
15.0% 
Historically 
11.8% 
Estimate of 
Pianform Taper 
Ratio. K, Based on 
Input Parameters 
Planfonm Taper Ratio I 0.28 
The ranges for the input variables and their relationship to the 
output have been established by an expert in the design of aircraft 
wings. It is not recommended that these ranges be altered unless 
additional information becomes available or the actual designer has 
different knowledge or experience and a good understanding of the 
process by which the knowledge here has t>een encoded. 
In the event that it is desired to alter ranges, start on sheetl of this 
document 
Figure D. 12. Depth knowledge implementaQon - planfonn taper ratio selection 
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D.2 .^ Qoarter chord sweep 
The user has the optioa to examine the quarter chord sweep that an expert would use for the proposed 
design or enter a differeot value. Expert advice can be accessed by clicking on the help cell coiresponding to 
this parameter in the main user inter&ce. A user intei&ce page for quarter chord sweep determination as 
shown in Fig. D. 13 will appear. An expert in the design domain established the relationships between the 
input and the ou^ut parameters. The user has the option to alter the relationships, but should not do so 
without significant domain design expertise. 
The domain expert decided five ranges for input and output mapping was sufficient in the prediction 
of the quarter chord sweep and established the range limits for the output parameter. These ranges will then 
need to be mapped to the input parameters. Output linuts can be changed on sheet 1 in the woricbook 
designed for implementation of Comb's Method for quarter chord sweep. 
The development of the relationships between the input and output parameters was accomplished 
using different techniques. In some cases the relationships were developed purely on expert perceptions. In 
these cases the expert tweaked the input ranges until satisfied. In other cases the expert's thought processes 
were more explicit In the sweep prediction calculations, the only new relationship that requires discussion is 
that used for stability. A more quantitative scale may be developed as more expertise is available, but for 
now the scale is set up to relate stability concerns to a projected budget If the user has plenty of fimding to 
deal with stability problems down the road in the design process a 5 would be entered. The other end of the 
scale represents the situation where the budget will be tight and there is no room for unexpected problems. In 
such cases the user would enter a 1. If the budget limits are somewhere in between, the user would reflect 
that situation accordingly. The expert used this same thought process to establish the relationship between the 
input and output parameters. 
D.2.4. Thickness to chord ratio 
The user has the option to examine the thickness to chord ratio that an expert would use for the 
proposed design or enter a different value. Expert advice can be accessed by clicking on the help cell 
corresponding to this parameter in the main user interface. A user interface page for thickness to chord ratio 
determination as shown in Fig. D. 14 will appear. An expert in the design domain established the relationships 
between the input and the output parameters. The user has the option to alter the relationships, but should not 
do so without significant domain design expertise. 
The domain expert decided that five ranges for input and output moping was sufficient in the 
prediction of the thickness to chord ratio and established the range limits for the output parameter. These 
ranges must be mapped to the input parameters. The output limits can be changed on sheet 1 in the workbook 
designed for implementation of Comb's Method for thickness to chord ratio. 
The development of the relationships bettveen the input and output parameters was accomplished 
using the different techniques discussed for the previous parameters. 
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Input Parameter Values Sweep 
Planform Taper 
Manu^cturing Probiems 
Very High = 5 
High = 4 
Average = 3 
Low = 2 
VenrLow= 1 
Wing Weight (% of Take-off Weight) 
Cruise Mach Number 
Stability 
Severe Problem = 1 
Significant Problem = 4 
Moderate Problem = 3  ^
Slight Problem 
No Problem = 5 
Current 
15.0% 
Historically 
11.8% 
Current 
0.8 
Estimate of Sweep 
at Quarter Chord 
Based on input 
Parameters 
Quarter Chord Sweep (deg) 
The ranges for the input variables and ttieir relationship to the 
output have been established by an expert in the design of aircraft 
wings. It is not recommended that these ranges be altered unless 
additional information becomes available or the actual designer has 
different loiowledge or experience and a good understanding of the 
process by which the knowledge here has t)een encoded. 
In the event that it is desired to alter ranges, start on sheetl of this 
document 
Figure D. 13. Depth knowledge implementation - sweep angle selection 
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Input Parameter Values Aspect t/c 
Wing Volume 
Fuel Efficiency 
Mach Numt)er 
Wing Weight (% of Take-off Weight) 
Needed Available 
2391.5 4148 
1000 
Current Historically 
0.03 0.07 
Current 
0.8 
Historically 
1Z0% 11.8% 
Estimate of t/c Ratio 
Based on Input 
Parameters 
Thickness to Chord Ratio, t/c 0.129 
The ranges for the input variables and their relationship to the 
output have t>een established t>y an expert In the design of aircraft 
wings. It is not recommet^Jed that these ranges t>e altered unless 
additional information becomes avaiiat)le or the actual designer has 
different knowledge or experience and a good urxJerstanding of the 
process by which the knowledge here has been encoded. 
In the event that it is desired to alter ranges, start on she^l of tttis 
document. 
Figure D. 14. Depth knowledge impiementation - thickness to chord ratio selection 
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D.2.5. Wetted area ratio 
The user has the option to examine the wetted area ratio that an expert would use for the proposed 
design or enter a different ratio. Expert advice can be accessed by clicking on the help cell corresponding to 
this parameter in the main user inter&ce. A user interface page for wetted area ratio determination as shown 
in Fig. D. 15 will appear. An expert in the design domain established the relationships between the input and 
the output parameters. The user has the option to alter the relationships, but should not do so without 
significant domain design expertise. 
The domain expert decided that five ranges for input and output mapping was sufiicient in the 
prediction of the wetted area ratio and established the range limits for the output parameter. These ranges will 
then need to be mapped to the input parameters. Output limits can be changed on sheet 1 in the workbook 
designed for implementation of Comb's Method for wetted area ratio. 
The development of the relationships between the input and output parameters was accomplished 
using different techniques, most of which have been previously discussed. However, there is one new 
approach used to estimate the ratio of fiiselage size to wing size. A piaorial representation of different 
aircraft configurations is linked to the inter&ce for wetted area ratio prediction. The user can examine the 
figure to select the design that most closely represents the ciment design and input the corresponding scale 
number. These numbers were used by experts for mapping input to output. 
D.2.6. Box depth 
The user has the option to examine the box depth as a percent of chord that an expert would use for 
the proposed design or enter a different value. Expert advice can be accessed by clicking on the help cell 
corresponding to this parameter in the main user interface. A user interface page for box depth as a percent of 
chord detennination as shown in Fig. D. 16 will appear. An expert in the design domain established the 
relationships between the input and the output parameters. The user has the option to alter the relationships, 
but should not do so without significant domain design expertise. 
The domain expert decided that five ranges for input and output mapping was sufBcient in the 
prediction of the box depth as a percent of chord and established the range limits for the output parameter. 
These ranges will then need to be mapped to the input parameters. Output limits can be changed on sheet 1 in 
the woricbook designed for implementation of Comb's Method for box depth as a percent of chord. 
The development of the relationships between the input and output parameters was accomplished 
using different techniques as discussed previously. Originally, the expert wished to use the torsional iigidit\' 
as the predictor variable. However, it was discovered that the relationship was not monotonic. It was found 
that the angle of twist was monotonic and could be substituted for torsional rigidity. This addresses the 
discussion in the fijzzy logic chapter where it was noted that where relationships were nonmonotonic, the 
experts need to look for other predictor variables. The angle of twist relationship was developed using the 
stiuctural analysis code embedded in the structural considerations inter&ce. The code was nm for the full 
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Input Parameter Values 
Close RIe Before Returning to Main 
L/D 14.9 
Fuselaae Size f Relative to Wtnal 3 
Very Small = 1 
Small =2 
Average =3 
Large =4 
Very Large =5 
Take-off Weight (lb) 
Cruise Mach 
315966 
0.80 
Estimate of Wetted 
Aspect Ratio Based 
on Input Parameters 
Wetted Area Ratio 6.63 
The ranges for ttie input variat)les and their relationship to the 
output have been established by an expert in the design of aircraft 
wings. It is not recommended ttiat these ranges t>e altered unless 
additional information taecomes available or the actual designer has 
different knowledge or experience and a good understanding of the 
process by which the knowledge here has been encoded. 
In the event that it is desired to alter ranges, start on sheetl of this 
document 
Figure D.15. Depth knowledge implementation - wetted area selection 
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Input Parameter Values 
Close File Before Returning to Main 
Cruise Mach Number 0.80 
Wing Volume, (ft  ^
Needed Available 
2392 4148 
1000 
High Lift Device 4 
Plain Slotted Flap = 1 
Plain Full Fowler Action = 2 
2 element Fowler = 3 
3 element Fowler = 4 
3 element Fowler leading edge = 5 
Historically 
Wing Weight (% of Take-off Weight) 1Z0% 11.8% 
Structural Stiffness 3 
Sweep at Quarter Chord 28 
Max Angle of Twist (degrees) +/- SiXJ 
Fatigue 3 
Flutter Boundary 3 
Estimate of Box 
Depth as % of Chord 
Based on Input 
Parameters 
Box Depth (decimal % of Chord) 
The ranges for the input variables and their relationship to the output 
have been established by an expert in the design of aircraft wings. It 
is not recommended that these ranges be altered unless additional 
information becomes available or the actual designer has different 
knowledge or experience and a good understanding of the process by 
wtiich the knowledge here has been encoded. 
In the event that it is desired to alter ranges, stait on sheetl of this 
document 
Figure D. 16. Depth knowledge implementation - box depth selecdon 
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range of box depths and the corresponding angles of twist were recorded. The relationship between the two 
parameters was plotted and the best curve was fit through the data. The resulting function was used to predict 
the angle of twist corresponding to the box depth range limits used in the Comb's Method user interface for 
box depth predictioa These values were input for the range limits for the angle of twist parameter in on sheet 
1 in the workbook created for box depth prediction. Similar relationships can be built using analytical tools 
for structural stifbess. &tigue. and flutter boundaries. Since the approach is similar these are left for a future 
activity. 
Another example of a way to handle the relationship between input and output is illustrated with the 
high lift device input parameter. In this case the scale related to the complexity of the high lift device 
configuration. A user input I mapped to the simplest design configuration. On the other end of the scale, a 5 
represents the most complex design situation. The user must select the appropriate level of complexity 
required for the design and enter the appropriate scale value. 
d.2.7. Specific fiiel consumption 
The user has the option to examine the specific fuel consumption that an expert would use for the 
proposed design or enter a different specific fiiel consumption value. Expert advice can be accessed by 
clicking on the help cell corresponding to this parameter in the main user interface. A user interface page for 
specific fiiel consumption determination as shown in Fig. D. 18 will appear. An expert in the design domain 
established the relationships between the input and the output parameters. The user has the option to alter the 
relationships, but should not do so without significant domain design expertise. 
The domain expert decided that five ranges for input and output mapping was sufficient in the 
prediction of the specific fuel consumption and established the range limits for the output parameter. These 
ranges will then need to be mapped to the input parameters. Ou^ut limits can be changed on sheet I in the 
woricbook designed for implementation of Comb's Method for specific fuel consumptioa 
The development of the relationships between the input and output parameters was accomplished 
using different techniques. In the case of bypass ratio and pressure ratio, the e.xpert examined the trends in 
current engine technology and mapped these trends to the specific fuel consumption output ranges. 
Comments are provided to help the user select the appropriate value for the proposed design. 
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Input Parameter Values 
ByPass Ratio 
Cruise Ma  ^Number 
Cruise Altitude (ft) 
Pressure Ratio 
Close File 
Before 
Returning 
to 
Main 
6 
0.8 
31000 
20J00 
Estimate of TSFC 
Based on Input 
Parameters 
Specific Fuel Consumption ](lb/It>^r) 
The ranges for the input variables and their relationship to the 
output have been estabfished by an expert in the design of aircraft 
wings. It is not recommended that these ranges be altered unless 
additional information becomes available or the actual designer has 
different Krwwledge or experience and a good understarxling of the 
process by which the knowledge here has been encoded. 
In the event that it is desired to alter ranges, start on sheetl of this 
document. 
Figure D. 17. Depth knowledge implementation - TSFC selection 
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